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Abstract
The interaction of light with matter is a central topic in both fundamental
science and applied technology. At the heart of this interaction lies the absorp-
tion or emission of a photon by an electronic transition in for example an atom,
molecule or semiconductor. Because such quantum emitters are generally much
smaller than the wavelength of light, they interact slowly and omnidirectionally
with light, limiting their absorption and emission.
At radio frequencies similar issues were encountered and addressed long
ago. Electrical circuits radiate little because they are much smaller than the
corresponding wavelength. To enable wireless communication, they are con-
nected to antennas that have dimensions in the order of the wavelength. These
antennas are designed to eectively convert electrical signals into radiation and
vice versa. The same concept can be applied in optics.
The central idea of this thesis is that the interaction of a quantum emitter
with light can be improved by near-eld coupling it to the resonant plasmon
modes of a metal nano-particle, which then acts as an optical antenna. In this
way, excitation and emission rates can be enhanced, and the angular, polar-
ization, and spectral dependence controlled. Chapter 1 of this thesis outlines
these concepts and introduces optical antennas for single emitters.
The experimental demonstration of optical antennas requires the near-eld
coupling of a single emitter to a resonant optical antenna. We fabricated optical
monopole antennas on scanning probes, so that they can be precisely positioned
near single uorescent molecules. In this way we directly mapped the changes
in the excitation and emission of a single quantum emitter as it is scanned near
the antenna.
Chapter 2 presents the results for the excitation part of the interaction. The
enhanced excitation eld at the antenna is highly conned (within 25 nm); the
emitter only interacts with the antenna mode over this short distance. The
antenna resonances were probed directly in the near-eld and show that the
antenna is indeed an optical analog of a monopole antenna.
The experiments in Chapter 3 demonstrate how the antenna controls the
emission. If the emitter is placed at the right position and if the antenna is
tuned to resonance, the angular emission of the coupled system is determined
by the antenna mode, regardless of the orientation of the emitter. In Chapter
4, we exploit that fact. We demonstrate, theoretically and experimentally, that
the radiation from a single emitter coupled to a multi-element optical Yagi-Uda
antenna is highly directed. We show that by reciprocity such a high directivity
both enhances the excitation eld and the collection eciency.
An intuitive way to understand optical antennas is as cavities for surface
plasmon polaritons. In chapter 5, I present an extended description of the
xi
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interaction of dipolar emitters with radiation through nano-rod antenna modes,
by treating the antenna as a cavity. The results demonstrate how the properties
of the antenna modes evolve from macroscopic perfectly conducting antennas
to nanoscale plasmonic antennas, and highlight the similarities and dierences
between optical and conventional antennas.
The results presented in this thesis show that optical antennas provide a new
way to link single emitters to light. By designing the antenna the absorption
and emission properties of the emitter can be tailored. More generally, optical
antennas enhance and control light-matter interaction on the nano-scale, mak-
ing them promising tools for applications in topics as diverse as high resolution
near-eld scanning optical microscopy, non-linear optics and spectroscopy, and
photovoltaic devices.
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CHAPTER 1
Optical antennas
and single emitters
The central topics of this thesis are optical antennas and how such antennas
can be used to control and improve the interaction of single quantum emitters
with light. The key idea is that the plasmon resonances of a metal nano-particle
create a strong local eld at the particle. If an emitter is placed in this eld
its absorption and emission of radiation are enhanced. The function of the
particle is then analogous to an antenna.
This chapter introduces optical antennas, single emitters, and the concepts
required in the following chapters. Section 1.1 treats the antennas. It rst
presents the denition of optical antennas used here. It then highlights the main
properties of optical antennas, and the experimental challenges they present,
by describing nanorod antennas as cavities for surface plasmon polaritons.
Although the emitters considered here are intrinsically quantum objects, the
eect of optical antennas on their absorption and emission can be described
by classical electrodynamics. Section 1.2 summarizes the ways in which opti-
cal antennas can improve the interaction of quantum emitters with light, and
overviews the equations for the excitation rates, emission rates and uorescence
that describe this interaction. Additionally it introduces several convenient def-
initions from traditional antenna theory, and adapts them for optical antennas
and single emitters.
Finally, enhancing the interaction of nano-scale objects with light using
optical antennas is a surprisingly general and useful concept. Section 1.3 gives
an overview of some of the applications of optical antennas.
1
1. Optical antennas and single emitters
Light
Object << λ
Optical antenna
Figure 1.1: The main concept of optical antennas. An object that is much
smaller than the wavelength of light, and that therefore interacts slowly with
light by itself, is near-eld coupled to a larger antenna. This coupling improves
the interaction of the object with propagating radiation, both in emission and
absorption.
1.1 Introduction to optical antennas
Optical antennas link objects to light. The main idea is illustrated in gure
1.1. Consider a quantum object, such as a molecule, quantum dot or atom.
Although these objects both emit and absorb light, I will simply call them
single emitters. Because the emitter has dimensions much smaller than the
wavelength of light it interacts slowly and omnidirectionally with radiation.
For example, the typical timescale for an atomic electric dipole transition to
emit a photon is on the order of nanoseconds, and the photon is emitted in
an undirected dipolar angular pattern. This slow undirected interaction places
several limits on the absorption and emission by the emitter.
First, the long radiative lifetime limits the maximum amount of photons
that can be emitted per second, i.e. the maximum brightness. Second, if
faster competing loss channels and/or dephasing are present, as is often the
case for condensed matter at room temperature, a slow interaction becomes a
weak interaction. The emitter then absorbs only a small fraction of the incident
light, and radiates its energy with a low eciency. Third, the undirected nature
of the interaction makes it challenging to eciently collect the emission and
further reduces the probability of absorption under illumination.
The interaction of the emitter with light can be improved by near-eld
coupling it to a second larger - but still small - object: an antenna. The
emitter now mainly absorbs and emits light through the modes of the antenna.
By suitably designing the antenna, the absorption and emission rates can be
enhanced. Furthermore the angular, polarization and spectral dependence of
both the emission and absorption can be controlled.
Such optical antennas are not a new concept. The use of local elds at sub-
wavelength structures to enhance light-matter interaction goes back at least
to near-eld optical microscopy [1{3] and surface enhanced Raman scattering
(SERS) [4{6]. Recently, however, nano-optics and in particular metal nano-
particles have been systematically investigated in the context of antenna theory
2
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[7{15]. These eorts are for an important part driven by improvements in nano-
fabrication that allow studying individual nano-structures and single emitters.
This treatment of nano-optics as an antenna problem has led to several new
insights and design strategies to enhance absorption and emission with optical
antennas.
This section presents the denition of optical antennas that is used in this
thesis, and introduces the main properties of optical antennas. It outlines how
optical antennas can intuitively be understood as cavities for surface plasmon
polaritons. These cavities are unique in two ways. First, the wavelength of
the plasmon in the cavity can be much shorter than the wavelength in the
surrounding medium. Second, the modal elds are highly conned.
The objective of this section, and the remainder of this chapter, is not to
give an exhaustive review, but to establish some of the key properties of optical
antennas, and the type of opportunities and experimental challenges presented
by these properties. Several excellent reviews are available for those seeking
more detail [13, 16{18].
A denition for optical antennas
I will use the following denition for optical antennas throughout this thesis.
An optical antenna is [19]:
A device designed to improve the interaction
of an object with light through a near-eld coupling.
This denition emphasizes two aspects of optical antennas. The fact that the
antenna is a tool to improve the interaction of a second object with propagating
radiation, and the fact that this is achieved by means of a near-eld coupling
of the object to the antenna.
The above denition has some overlap with optical cavities or resonators.
Indeed optical antennas have conceptually much in common with micro- and
photonic crystal cavities [14, 20, 21], and no clear distinction can be made.
Nevertheless, compared to traditional cavities, optical antennas tend to be
small and tend to use conducting materials, allowing very localized modes and
high eld enhancements with large bandwidths. The last part of this section
will consider optical antennas as cavities for surface plasmons, in order to
introduce two important properties of optical antennas.
Optical antennas as cavities
There are several theoretical approaches available to understand nano-particle
optical antennas, and how they dier from conventional antennas. The power-
ful Mie solutions can be used for ellipsoids [22, 23], whereas extensive numerical
studies are performed for other shapes [24]. Perhaps more intuitively, optical
antennas have been described as resonators or (Fabry-Perot) cavities for surface
plasmons [21, 25{34].
Consider a surface plasmon polariton, i.e. a bound wave, traveling along
an elongated metal nano-rod antenna. The waves are reected at the antenna
ends so that resonant cavity modes are formed, gure 1.2. These resonant
modes occur when the antenna length is close to a multiple of half the plasmon
3
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L ≈ λsp/2
L ≈ λsp
L ≈ 3λsp/2
Figure 1.2: Optical antennas as cavities for surface plasmons. An intu-
itive way to understand optical antennas is as resonators for surface plasmons
that travel along the antenna and are reected at the antenna ends. Resonant
modes form for antenna lengths that are close to a multiple of half the surface
plasmon wavelength sp. Most of this thesis considers the dipolar antenna
resonance with L  sp=2. The higher order modes are revisited in detail in
chapter 5.
40 nm
Figure 1.3: The antenna modal eld is highly localized. An example of
an instantaneous electric eld (absolute value) near a dipolar optical antenna
with a radius of 20 nm [11]. The eld is concentrated at the antenna ends, and
is localized within approximately 20 nm. The arrows are a sketch of the electric
eld orientation. The antenna is 150 nm long and the vacuum wavelength of
the radiation is 570 nm.
wavelength sp. This relation is only approximate because the reection at the
ends introduces an additional phase shift [15, 32, 35, 36].
Two of the key characteristics of such cavities for surface plasmons are
that the electromagnetic eld is highly conned at the antenna, and that the
wavelength of the surface plasmon along the antenna is shorter than the vacuum
wavelength.
Figure 1.3 shows an example of the electric eld at an optical dipole an-
tenna (L  sp=2). The modal eld of the antenna is localized in a volume
with dimensions smaller than the wavelength of the light used, and is concen-
trated at the antenna ends. This conned eld allows the antenna to enhance
4
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Figure 1.4: The wavelength along the antenna is shorter than the
vacuum wavelength. Dispersion diagrams for innitely-long cylindrical rods
of dierent radii R. The magnitude of the surface plasmon wave vector, k(!),
along the rod is always larger than the magnitude of the wave-vector in the sur-
rounding medium (!=c), and increases with decreasing radius. ! is the angular
frequency and c is the vacuum speed of light. The innite radius corresponds to
the planar surface plasmon. The dielectric function of the cylinder is described
as a simple Drude dispersion  = 0(1 !2p=!2), with !p = 2 2:32 1015 rad/s.
The dielectric constant of the environment is 0.
the interaction of an emitter with radiation. In addition it provides a high
spatial selectivity; only emitters that are placed very close to the antenna in-
teract with the antenna mode. The near-eld nature of the coupling also poses
an experimental challenge; the emitter has to be positioned with nanometer
accuracy at the antenna. In chapters 2 and 3, we present experiments that
overcome this challenge by precisely scanning probe-based optical monopole
antennas near single uorescent molecules. In this way we directly probe the
locally enhanced eld at the antenna.
The second distinguishing feature of these cavities is that the wavelength of
the surface plasmon along the cavity can be much shorter than the wavelength
in the surrounding medium. As an example, gure 1.4 shows calculated dis-
persion relations for the waveguide modes of innitely-long cylindrical rods of
dierent radii, for which semi-analytical solution are available [15, 37, 38]. The
plasmon wave vector (k = 2=sp) is always larger than the wave vector in free
space (k0 = !=c) as expected for a bound wave. Moreover, the wave vector
increases with decreasing radius, and can take very large values for small radii.
This short surface plasmon wavelength has two important consequences.
First, it implies that the antenna resonances for optical antennas will occur
for lengths a fraction of the wavelength of the light used. Because, these reso-
nances enhance the local eld, the antenna is ideally tuned to resonance with
the excitation and/or emission of the emitter. The small dimensions required
present a fabrication challenge. Second, the short plasmon wavelength along
the antenna results in lower radiative damping rates, while the lossy nature
of surface plasmons introduces additional dissipation. The eect that these
5
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properties have on the characteristics of the modes of optical antennas will
be discussed in detail in Chapter 5, which presents an extended description of
optical antennas based on the cavity model outlined here.
In summary, optical antennas can conceptually be understood as cavities
with two distinguishing features: the wavelength along the cavity is shorter
than the wavelength in the surrounding medium and the cavity mode is strongly
conned. The combination of the resonances and the eld connement creates
strong local elds. The next section explores how the absorbtion and emission
properties of a single quantum emitter are altered when it is placed in that
local eld.
1.2 Single emitters
This thesis treats the interaction of single emitters, for example atoms, mole-
cules or quantum dots, with optical antennas. Even though these emitters are
inherently quantum objects the changes in their emission and absorption prop-
erties near an optical antenna can be understood entirely classically, by using
macroscopic classical electrodynamics and describing the two-level system of
the emitter as a harmonically oscillating electric dipole moment. The antenna
modies both the electric eld radiated by the emitter, and the electric eld
formed at the emitter position under external illumination. In this way, opti-
cal antennas can improve the absorption and emission of single emitters in a
variety of ways, and much experimental progress has been made over the last
years.
First, the total transition rates of the emitter can be enhanced, both in
emission and in excitation. In excitation, the locally enhanced eld at the
antenna increases the excitation rate of an emitter by external illumination
[10, 35, 39{42]. In emission, optical antennas can enhance the total radiative
transition rate [10, 41, 43{47], as well as the (usually detrimental) dissipative,
or non-radiative, rate [10, 39, 48]. Second, both in excitation and emission the
spectral dependence [22, 49, 50], the polarization dependence [11, 51, 52], and
the angular dependence [10{12, 41, 53{55] can be controlled.
If the antenna-emitter system is designed well, the combination of the above
eects can enhance the total amount of photons absorbed, emitted and/or
detected.
This section presents the theoretical relations that describe the changes
in the excitation properties, the emission properties, and the resulting uo-
rescence. Additionally it introduces several concepts from antenna theory to
conveniently summarize the properties of the emitter-antenna system. Finally,
it outlines the main advantages of using single emitters, compared to ensembles,
when studying the properties of optical antennas.
The theory outlined in this section is used throughout this thesis to interpret
the experimentally observed single-emitter uorescence and to compare the
results to numerical calculations of the electromagnetic eld.
Excitation rates
The experiments in this thesis consider emitters in the solid state at room tem-
perature. Therefore I will limit the discussion to systems with fast electronic
6
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Figure 1.5: Denition of parameters (a) The excitation process is deter-
mined by the local electric eld Eloc(r; ; ; !) at the position of the dipole
moment p(!) for a plane wave incident under angle (; ) and with amplitude
Einc.  is the azimuth. Note that any illumination can be described as a super-
position of such waves plane waves. (b) The emission process is dened by the
emitted far eld E(r; ; ; !) by the dipole moment p(!). (c) Denition of the
transition rates between the ground state (0) and the excited state (1). The
excitation rate  exc follows from the calculation dened in (a). The radiative
 rad and non-radiative  nr emission rates follow from the situation sketched
in (b). The interplay of these rates determines the uorescence emitted by
the emitter. Note that the relevant quantities generally depend on the emitter
position r, the angle involved (; ) and the frequency !. For conciseness I will
frequently drop some of these labels.
dephasing due to interactions with the environment. The interaction of such
emitters with light is accurately described by rate equations.
Consider the situation shown in gure 1.5a. The emitter and its local
environment are illuminated by a plane wave with complex amplitude Einc and
angular frequency !. The excitation rate  exc is proportional to the projection
of the resulting local electric eld at the emitter position, Eloc(r; ; ; !), on the
emitter dipole moment p(!). We assume that the scattering and absorption
by the emitter is negligible compared to the scattering and absorption by the
antenna. Therefore, the eld Eloc(r; ; ; !) is unaected by the presence of the
emitter, and can be calculated separately. This assumption also implies that
the interaction between the antenna and the emitter is in the weak coupling
regime.
The magnitude of the emitter dipole moment p(!) requires a quantum
mechanical treatment and is unknown in most experiments. Therefore, all
transition rates will be given relative to the transition rates for the same dipole
in a reference situation. For the excitation rate we thus have:
 exc
 exc;0
=
jp^ Eloc(r; ; ; !)j2
jp^0 Eloc;0(r0; 0; 0; !)j2 ; (1.1)
in which p^ = p=kpk is the unit vector in the direction of the orientation of the
dipole moment.
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The subscript 0 indicates the reference situation. The reference situation
can be chosen freely, for example as the emitter without antenna or as the same
system illuminated from a dierent direction (; ). The only requirements
are that the emitter dipole moment in both cases has the same magnitude,
kp0k = kpk, and that any changes in the environment alter exclusively the
macroscopic electromagnetic elds at the emitter.
Equation 1.1 describes how the excitation rate of a single emitter can be
enhanced. The antenna locally enhances the electric eld at the emitter, in-
creasing the rate of absorbtion. This enhancement depends critically on the
emitter position and orientation, gure 1.3, and on the resonances of the an-
tenna. Chapter 2 describes experiments that characterize the locally enhanced
eld at the antenna and the resonances of the antenna using single uorescent
molecules.
Emission rates
The emission properties of the quantum emitter in its environment are deter-
mined by the far-eld emitted by a classical electric dipole placed at position
r, gure 1.5b:
E(r; ; ; !) =

E(r; ; ; !)
E(r; ; ; !)

; (1.2)
in which E and E are the complex amplitudes of the two polarization com-
ponents. I will call E(r; ; ; !) the angular emission. It directly describes all
the (classical) emission properties of the emitter, except for the absolute total
emission rate, which depends on the unknown emitter transition dipole mo-
ment. It gives the angular distribution of the emission, including the phase,
polarization and spectrum for each angle.
The angular power emitted by the dipole into each polarization component
is given by:
P(r; ; ; !) =
jE(r; ; ; !)j2
2Z0
; P(r; ; ; !) =
jE(r; ; ; !)j2
2Z0
; (1.3)
in which Z0 is the impedance of the surrounding medium. The total angular
emitted power is:
P (r; ; ; !) = P(r; ; ; !) + P(r; ; ; !): (1.4)
The radiative transition rate  rad of the emitter is proportional to the total
emitted power by the classical dipole P , which at a given frequency is given
by:
P (r) =
Z

Z
2
P (r; ; ) sin dd: (1.5)
Compared to a reference situation labeled 0, we thus obtain:
 rad
 rad;0
=
P (r)
P0(r0)
: (1.6)
The collection eciency coll gives the fraction of the far-eld emission that
is collected by the collection optics:
coll(r) =
R R
P (r; ; ) sin dd
P (r)
: (1.7)
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The limits of the integrals are set by the solid angle corresponding to the
collection optics.
Chapter 3 studies how the angular emission, including the polarization, of
single uorescent molecules changes as they are coupled to an optical antenna,
and how these changes in angular emission can aect the collection eciency.
Dissipation rates
Not all transition events result in the emission of a photon into the far-eld.
Part of the energy is dissipated in the antenna and other lossy dielectrics in
the emitters environment, leading to a dissipation rate  diss. This rate is
proportional to the dissipated power, Pdiss, so that
 diss
 rad;0
=
Pdiss(r)
P0(r0)
: (1.8)
The dissipation rate together with the intrinsic loss rate of the emitter,  int,
denes a quantum eciency for the emission process:
q =
 rad
 rad +  nr
; (1.9)
in which  nr =  diss +  int is the total non-radiative loss rate. The quantum
eciency q gives the amount of photons emitted into the far eld for each
photon absorbed. Finally, the (excited state) lifetime is given by the inverse of
the total decay rate,  tot =  rad +  nr.
Directivity and gain
Although equations 1.2-1.4 describe the complete angular emission pattern, it
is interesting to quantify how directed the emission is. The angular directivity
D(; ) describes how eectively the power is concentrated into a particular
direction, i.e. a very small solid angle or approximately a plane wave. D(; )
is dened as the power emitted into direction (; ) compared to the power
averaged over all directions:
D(; ) =
4P (; )
P
: (1.10)
For example, D(; ) = 1 for a hypothetical isotropic emitter, and the maxi-
mum of the angular directivity for a dipolar emitter in an isotropic homoge-
neous environment is 1:5.
For plane waves, or a very small solid angle, the collection eciency coll is
directly proportional to the directivity:
coll
coll;0
=
D(; )
D0(; )
: (1.11)
An increased directivity can therefore provide an enhanced collection eciency.
However, since an increased directivity in general requires larger antennas, it
often comes at the price of increased losses. The antenna gain G(; ) quanties
how much the total eciency is increased, compared to an isotropic emitter
with q;0 = 1:
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G(; ) = qD(; ): (1.12)
For single optical emitters it is rare to detect the emission of (approxi-
mately) plane waves. The concept of gain can be generalized to larger solid
angles using equation 1.7, so that the gain G in the general case becomes:
G
G0
=
q
q;0
coll
coll;0
: (1.13)
Both these denitions for the gain quantify how much the antenna improves
the emission by redirecting the emission into the correct angles. These concepts
will be treated in more detail in chapter 4, which discusses the highly directed
emission from multi-element optical Yagi-Uda antennas. The directivity and
gain are crucial parameters for such antennas.
Fluorescence intensity
The rates discussed up to now are transition rates. The detected signal is the
uorescence intensity I (in units of photons per second), which is proportional
to the radiative transition rate  rad times the excited state population. The
intensity is therefore given by the interplay of all the dierent rates. For a two
level system in the steady state we have
I = dc rad
 exc
2 exc +  rad +  nr
; (1.14)
in which d is the detection eciency, which is a simple constant and plays no
direct role in the relative intensity measurements considered here.
Importantly, the uorescence intensity depends on properties associated
with the excitation process ( exc), as well as on those associated with the
emission process ( rad,  nr and c). As a result, the intensity is generally
dicult to interpret, and requires a complete analysis of the collection system,
as well as excitation power dependent measurements [56]. Note that this is not
the case, for example, for parameters like the lifetime, the angular emission
pattern (equation 1.4) or the emission polarization (equation 1.2), which are
all completely independent of the how the emitter is excited. This independence
makes these parameters powerful tools to study the eects of optical antennas
on single emitters.
Equation 1.14 can be further simplied in several limiting cases: low ex-
citation powers, high excitation powers, and negligible intrinsic quantum e-
ciencies.
Low excitation power
For low excitation powers ( rad >>  exc) the excitation rate  exc is the limiting
factor in the uorescence cycle, and equation 1.14 gives
I
I0
  exc
 exc0
c
c0
q
q0
(1.15)
Provided that the antenna is designed so that the collection eciency c and the
quantum eciency q, i.e. the gain G, do not change strongly, the intensity
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enhancement at low powers is mostly governed by the enhancement of the
excitation eld. All experimental results in this thesis fall in this low excitation
power regime.
High excitation power
For high excitation powers,  exc >>  rad +  nr, the excitation transition is
saturated and the uorescence is limited by the emission rate  rad:
I
I0
 c rad
c0 rad0
: (1.16)
In this regime the uorescence intensity is determined by the total radiative
mode density within the angles of the collection optics. Equation 1.16 gives
the maximum number of photons per second that can be obtained from the
emitter, which is an important gure for an optical antenna-emitter system.
Negligible intrinsic quantum eciency
If the emitter is intrinsically very inecient,  int >>  diss +  rad +  exc, so
that q  0, and we obtain:
I
I0
  exc
 exc0
c rad
c0 rad0
: (1.17)
The uorescence is limited by both the excitation rate and the emission rate.
Because the excitation and emission processes can be related by reciprocity, as
will be discussed in chapter 4, equation 1.17 often implies an approximately
 2exc, or jE(r)j4, enhancement of the uorescent intensity. The strongest en-
hancements of the uorescence intensity are thus obtained for emitters with
intrinsically low quantum eciencies.
For the antennas, the enhancement of  rad is the result of an increased
spontaneous emission, i.e. stimulated emission by the vacuum uctuations.
Similarly, the emission rate can be enhanced by stimulated emission by a second
laser beam at the emission wavelength. The resulting enhanced emission has
been used as a microscopy technique for low quantum eciency emitters. The
quadratic response then provides three dimensional imaging capabilities [57].
Why single emitters?
Other than the intellectual satisfaction of being able to control light-matter
interaction on the single molecule level, there are several aspects that make the
problem of a single emitter coupled to a single optical antenna of particular
interest. The next section will list some applications of optical antennas for
single emitters. Here I will rst discuss two advantages of using single emitters
to study the properties of optical antennas.
First, a single emitter with a xed dipole moment is a nano-scale vectorial
detector for the local optical electric eld. The spatial distributions of the
modal elds at optical antennas can thus be obtained with nano-scale resolu-
tion. This property of single emitters allows studying the spatial connement
of the enhanced elds at the antenna, which is one of the crucial properties
of optical antennas (see gure 1.3). Chapter 2 demonstrates this concept by
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using single molecules to map the nano-scale spatial distribution of the eld at
optical antennas placed on scanning probes.
Second, by observing a single molecule at the time, measurements of the
properties of the antenna-emitter system are greatly simplied because the
excitation and emission properties can be considered separately. This is not
the case for ensembles of emitters, as will be discussed in detail below.
When observing a single emitter, several properties of the antenna-emitter
system are independent of the absolute uorescence intensity. These properties
include the lifetime and the angular emission and excitation, which encompass
the polarization and spectral degrees of freedom. These intrinsic proprieties
are well-dened and are independent of the details of the measurement. For
example, the lifetime observed does not depend on how the emitter was ex-
cited nor on what directions, polarizations or spectral components are being
detected. As another example, the angular emission observed is independent of
how the system was illuminated. This concept plays a crucial role in Chapter
3 in which we study the changes in the angular emission of a single molecule
as it is coupled to an optical antenna, using only a qualitative understanding
of the excitation eld.
In contrast, for ensemble measurements the obtained values are averages
weighed by the intensity for each emitter. In an inhomogeneous environment,
which is the only type of environment that this thesis and optical antennas are
concerned with, we do not know a priori which emitters are observed. The
contribution of each emitter depends on its intensity and thus on an intricate
combination of both the experimental excitation and detection, equation 1.14.
In other words, the lifetime and the angular emission/excitation of an en-
semble of emitters in an inhomogeneous environment do not exist, i.e. they
are not uniquely dened. For the angular emission, for example, the measured
pattern now depends on how the system was illuminated because a dierent
subset of emitters will be excited for dierent illuminations. Note that for the
lifetime the above statement does not refer to the fact that the emission dy-
namics of an ensemble can deviate from a single exponential decay. Instead,
it conveys that the time-resolved emission - whatever it might look like - is
a complicated function of all the properties of the illumination and detection
schemes.
In conclusion, measurements that observe a single emitter typically are
easier to interpret, need less assumptions, and give more information than
ensemble experiments. Single emitter experiments thus provide a direct way
to study the functionality of optical antennas.
1.3 Applications of optical antennas
The distinguishing property of optical antennas is the strongly localized en-
hanced eld at the antenna. If an object or emitter is placed in those locally
enhanced elds, its interaction with radiation is enhanced. Any application of
optical antennas is likely to be based on these enhanced localized elds: optical
antennas are particularly useful in applications for which the object is inher-
ently small or for which there is an independent reason that makes it benecial
for the object to be small.
12
1.3. Applications of optical antennas
This section outlines several examples of such applications. The list is not
complete and various applications of optical antennas such as nanoscale trap-
ping [58] and controlling thermal radiation [59] are not discussed. Several ex-
cellent recent reviews oer a more detailed discussion of the many applications
of optical antennas [13, 17, 18].
Non-linear eects
If the response of the object is non-linear, then an intense eld over a small
volume gives a stronger interaction than a weak eld spread out over a large
volume. Optical antennas can thus greatly enhance the generation of non-linear
signals that originate either from the non-linearities of the antenna itself or from
a material brought in close proximity to the antenna. Strong enhancements
of two photon-excited photoluminescence [9, 60, 61], white light continuum
generation [9], second harmonic generation [62], four-wave mixing [63], and
high harmonic generation [64], have been demonstrated.
Although the uorescence emission considered in section 1:2 is a linear
process, a low intrinsic quantum eciency of the emitters results in eectively
quadratic enhancement of the uorescence with optical antennas, equation 1.17.
For such weak emitters strong uorescence enhancements have been demon-
strated [40], and have allowed the observation of single molecules coupled to
antennas even within an ensemble background [42].
The process of surface enhanced Raman scattering can be described by
equation 1.17 as well, although the underlying principle appears to be dierent
[65]. Optical antennas can thus play in important role in Raman spectroscopy
[66{68].
Single emitters
Observing a single emitter at the time, and enhancing its emission, is an appli-
cation by itself. Two examples of its usefulness are single emitter spectroscopy
to overcome intrinsic inhomogeneities and using single emitters as single photon
sources.
Many types of emitters are too weak to study on the level of a single emitter,
so that spectroscopy can be done only averaged over ensembles, which suer
from intrinsic inhomogeneities. These inhomogeneities are present even when
the macroscopic electromagnetic environment is considered to be homogeneous,
for example because the local microscopic environment of the emitters varies
or because the emitters exist in various conformations.
Optical antennas can enhance the uorescence of such emitters, making
it possible to use the tool box of single molecule spectroscopy [69]. In this
way the intrinsic inhomogeneities in ensembles of emitters can be studied and
overcome, and the dynamics visualized without the need for synchronization
[70].
In addition, single emitters emit single photons. Optical antennas can en-
hance, direct and control such single photon sources and are therefore poten-
tially interesting for quantum information applications [71].
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Semiconductor and photovoltaic devices
Optical antennas can focus energy down to small volumes in semiconductor
devices. Smaller active device areas can improve carrier extraction and device
speed. For example, optical antennas have been used to create an eective
nanoscale Germanium photo-detector for radiation with a wavelength of 1:3 m
[72]. In photovoltaic devices the locally improved absorbtion using optical
antennas could lead to thinner solar cells designs, potentially allowing the use
of poorer quality or less scarce materials [73].
Near-eld microscopy
In near-eld scanning optical microscopy the goal is to interact with only a
small, sub-diraction-limited volume of a sample [3, 74, 75]. If an optical an-
tenna is controllably scanned over the sample, small volumes of the sample can
be addressed sequentially, and a high resolution optical image constructed. In
this way deep sub-wavelength resolution optical microscopy has been demon-
strated with optical antennas [35, 76{79], including on cell membranes [80, 81].
Chapter 2 gives an example of high resolution optical microscopy with optical
monopole antennas.
Conclusion
Optical antennas provide a new tool to link quantum emitters to light. They
allow enhancing absorption and emission rates, as well as the control of the
angular emission, the polarization and spectrum. This versatility makes optical
antennas a promising technique for any application where a strong interaction
of a nano-scale object or emitter with light is required.
Such optical antennas can be qualitatively understood as cavities for surface
plasmons, with highly conned modes, whereas the changes of the emission and
absorption of a quantum emitter coupled to an antenna can be quantitatively
described by classical electrodynamics.
The remaining chapters use, expand, and experimentally demonstrate the
ideas outlined here. Chapter 2 exploits antennas on scanning probes, and
single uorescent molecules, to probe the conned antenna eld. Chapter 3
demonstrates the control of the angular emission of a single emitter with optical
antennas. Chapter 4 presents optical Yagi-Uda antennas with high directivities
and gains. Finally, Chapter 5 revisits and extends the cavity description of
optical antennas to derive a full model for the interaction of dipolar emitters
with radiation through optical antenna modes.
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CHAPTER 2
Monopole antenna:
Single-molecule excitation
To experimentally investigate the interaction of single emitters with light throu-
gh optical antennas modes, a single emitter needs to be controllably positioned
near a nano-size antenna. We employed uorescent molecules as single emitters,
and scanned them near probe-based nanorod antennas in a near-eld scanning
optical microscope. This chapter introduces the antenna, and describes the
experimental characterization of the excitation part of the interaction.
The key element of the experiment is that the uorescence intensity of single
molecules is an approximate measure of the local excitation eld vector. By
scanning molecules close to the antenna one maps the excitation eld, and
directly probes the antenna characteristics in the near eld.
We show that the antenna mode is driven only if a local eld component
along the antenna axis is applied. This driving condition is similar to the far-
eld polarization selectivity of linear wire antennas. The antenna resonances
are tuned by varying the antenna length. We nd that these resonances are
characteristic for traditional monopole antennas, but happen at shorter lengths
because of the reduced wavelength of the surface plasmon and an additional
phase shift upon reection at the antenna ends. The resonantly enhanced eld
at the antenna apex, which forms for the right driving conditions, is highly
conned in space (within  25 nm). The molecule only interacts with the
antenna mode over this short distance.
The results for the driving and the resonances reveal that the antenna is an
optical version of a conventional monopole antenna, which provides an accurate
shorthand description for the nano-antenna. The next chapter, chapter 3, uses
this intuitive description, and the characterization of the excitation eld, to
study the emission of single molecules coupled to the antenna.
This chapter contains three sections. Section 2:1 introduces single uo-
rescence molecules as local excitation-eld probes. Section 2:2 describes the
optical monopole antennas and their fabrication. Section 2:3 characterizes the
excitation eld at the optical monopole antennas by scanning single uorescent
molecules close to the antennas.
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2.1 Single molecules as near-eld probes
Single uorescent molecules are exceptional probes of local electromagnetic
eld distributions [52, 74, 75, 82{84]. Their small size ( 1nm) and single xed
absorption dipole allows the orientation-sensitive probing of strongly conned
elds with a high resolution. By scanning a single molecule through a local
eld distribution, a uorescence map is obtained. Under certain conditions
this uorescence map is a measure of the amplitude of the local excitation-eld
vector.
This section rst summarizes the equations and conditions for probing local
excitation elds with uorescent molecules. Next, it introduces near-eld scan-
ning optical microscopy as a suitable experimental technique to map conned
elds at nano structures with single uorescent molecules.
Mapping excitation elds with single-molecule uorescence
According to equation 1.15, the detected uorescence I from a molecule placed
in a weak excitation eld Eloc is proportional to the molecular excitation rate
 exc, the quantum eciency of the emission q, and the collection eciency of
the detection system c:
I =  exccq: (2.1)
Because the quantum and collection eciency generally depend on the local
environment of the molecule, and thus its position, the uorescence intensity I
is a complicated function of the excitation and emission properties [39, 41, 77].
In particular, for strong variations of q and c the variations in the uorescence
signal do not describe the excitation rate. In our experiments, however, both
q and c vary little and slowly compared to  ex.
There are no strong reductions of the quantum eciency q (quenching)
because our antenna is fairly ecient, and because the distance of the molecule
to the antenna is no less than  10 nm. There is no enhancement of q,
because the molecules used have a high intrinsic quantum eciency ( 1).
Additionally, the collection eciency c varies little because we use a large
numerical aperture (NA = 1:3), which collects most of the emission for all
molecular positions and orientations, as I will demonstrate in chapter 3. Under
these conditions, the detected uorescence intensity I depends mainly on the
excitation eld. Assuming that the eld connement does not jeopardize the
dipole approximation, I thus approximately satises
I /  exc / jp^ Elocj2: (2.2)
By scanning a molecule through the excitation eld, the uorescence intensity
thus maps the projection of the amplitude of the local excitation eld onto the
molecular absorption dipole moment.
Experimental: near-eld scanning optical microscopy
To scan single molecules near antennas and to collect the resulting uorescence,
we used a near-eld optical microscope (NSOM), gure 2.1. NSOM is well-
developed scanning probe technique, in which a localized optical eld at a
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Figure 2.1: Near-eld scanning optical microscope. To map the local
eld at nano-antennas, a sample of single uorescent molecules is XY-raster
scanned by shear-force feedback under antennas that are fabricated on ber
probes. All experiments were performed at room temperature. The antenna
is illuminated by coupling light (0 = 514 nm) into the optical ber. The
resulting uorescence (  570 nm) is recorded for each sample position. The
uorescence signal is split in two polarization directions onto two avalanche
photodiodes (APD), so that both the uorescence intensity and polarization
are characterized.
probe is used for sub-diraction-limited imaging of a sample [84]. Vice versa,
if the properties of the sample are well-known, information about the local
eld at the probe can be obtained instead. We exploit samples containing
isolated uorescent molecules to map the local eld at nano-antennas that are
fabricated on the end of optical-ber probes.
We prepared samples of single uorescent molecules immobilized in a 20 nm
thick polymer layer on a glass substrate. First, 0:5% poly(methylmethacrylate)
(PMMA) was dissolved in toluene, and DiIC18 (1; 1
0-dioctadecyl-3; 3; 30; 3-tetra-
methyl-indo-carbo-cyanine-perchlorate) molecules were added to a 10 8 molar
concentration. Next, the solution was spin coated onto glass substrates, which
were cleaned by plasma etching. Finally, the samples were dried at ambient
conditions. The resulting samples contain spatially isolated molecules with
random, but xed, orientations and positions.
The probe-based antenna is illuminated through the optical ber, gure 2.1.
A laser beam (Ar+,  = 514 nm) of controlled polarization is coupled into the
ber. The single-molecule sample is scanned under the probe, while the probe-
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FIB direction
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Figure 2.2: Sculpturing nanoantennas by focused ion beam milling.
The antennas are fabricated by ion beam milling under two dierent angles.
Two intermediate steps and the nal result are shown. The 60 angle is a limi-
tation of the ion-beam apparatus. The fabrication scheme predicts a rhomboid
antenna footprint, but the actual antennas appear rounded, probably because
the antenna dimensions are close to the precision limits of the focused ion beam.
sample distance is kept constant by shear-force feedback [85]. The resulting
uorescence is collected from below by an oil-immersion objective with a 1:3
numerical aperture. The laser light is ltered out, and the uorescence is split
in two orthogonal polarization components. Each polarization component is
detected by a separate avalanche photodiode, so that information about both
the intensity and the polarization of the uorescence emission is obtained. [86]
2.2 The optical monopole antenna
The antenna is an aluminum nanorod fabricated on a scanning probe, so that
it can be precisely scanned near samples containing single molecules. The an-
tenna resonances can be tuned by controlling the antenna length. This section
introduces the antenna and its fabrication by focussed-ion-beam milling, and
discusses the antenna design.
Fabrication
We fabricated probe-based nano-antennas following a method for aperture
probes by Veerman et al. [87]. Glass probes with sharp tips ( 100 nm) were
created by heat pulling single-mode optical bers ( = 633 nm) using a com-
mercial pipet puller (Sutter Instruments P2000). The probes were coated all
around with a few-nanometer thick chromium adhesion layer (deposition rate
0:1 nm/s), and with approximately 150 nm of aluminum (1 nm/s) by e-beam
evaporation. Finally, a rod shaped antenna was sculptured at the probe tip by
focussed ion beam milling under two directions. The process is illustrated in
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x,y
z 100 nm
Figure 2.3: Optical monopole antenna. The antenna is an elongated alu-
minum nanorod with a rounded apex. It is positioned on the end face of a
coated ber probe, next to a circular aperture in the aluminum coating that
reveals the underlying glass ber [76, 77]. The antenna diameter is  40 nm,
the aperture diameter  100 nm. Left: viewed under 60 degrees. Right: side
view.
55 nm 70 nm 90 nm 105 nm
100 nm
Figure 2.4: Tuning the antenna resonance by the antenna length. We
controllably fabricated antennas of lengths between 30 and 140 nm, in order
to study the antenna resonances.
gure 2.2. The resulting antennas are well-dened elongated nanorods, and are
oriented perpendicular to the ber end face, gure 2.3. The typical antenna
diameter is 40 nm. Attempts to create thinner antennas were unsuccessful.
Following the Tip-on-Aperture design of Frey et. al [76, 77], the antenna
is positioned next to an aperture (typical diameter  100 nm) in the at
probe end-face (surface roughness less than 10 nm). This aperture reveals the
underlying glass ber. In the experiments the antenna is driven by laser light
through the ber, through the aperture (gure 2.1). Note that without the
antenna the probe is simply equivalent to a conventional aperture probe [87].
To tune and investigate the antenna resonances, the antenna length was
controllably varied between approximately 30 and 140 nm. Figure 2.4 shows
four examples of antennas with dierent lengths.
Design
Two important design parameters are the material and the position of the
antenna. The material largely determines the antenna properties, whereas the
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position determines how the antenna is driven by the local eld of the aperture.
The antenna is made of aluminum. We chose aluminum because it is suit-
able for antennas at the absorption wavelength of the molecules used (DiI,
abs  514 nm). In addition, aluminum has a small skin depth, which reduces
leakage from the ber probe, and makes it the logical traditional choice for
aperture NSOM probes [75, 88].
We anticipate that the antenna is driven by applying a eld component
along its axis. According to previous studies [74, 75, 89{93], this component is
present at the edges of the aperture in the direction of the incoming polariza-
tion. We thus expect the antenna to be ideally placed at edge of the aperture.
The driving of the antenna by the local aperture eld is investigated in detail
in the next section.
2.3 The antenna excitation eld
To study the properties of the optical monopole antennas (section 2.2), we
directly probed the local eld at the antennas with single uorescent molecules
in a near-eld microscope (section 2.1). This section rst presents the obtained
experimental maps of the locally-enhanced excitation eld. I will then use these
maps, and numerical calculations, to separately discuss three properties of the
antenna in detail: the highly conned nature of the antenna mode, the driving
of the antenna by the local aperture eld, and the antenna resonances.
Single molecule mapping of the excitation eld
We consider the local excitation eld at a 80-nm-long monopole antenna. The
antenna is driven by the local eld at the aperture [76, 77], which is illuminated
from the back through the ber. The eld at the aperture, and thus the driving
of the antenna, depends on the polarization of the illuminating light [74, 75, 91].
To control the illumination polarization, the polarization of the laser light was
adjusted before being coupled into the ber, and characterized after emerging
from the aperture. Two input polarizations are of special interest: a linear
polarization in the direction of the position of the antenna and the polarization
perpendicular to that. These polarization directions, and the position of the
antenna relative to the aperture, were initially determined by observing the
polarization of the far-eld transmitted laser light.
For the input polarization in the direction of the antenna, the single molecule
uorescence results contain narrow patterns, as well as weaker larger spots, g-
ure 2.5a. The narrow spots are 25 nm wide (FWHM), gure 2.6. Such narrow
features are not expected for a 100 nm aperture, and their width is similar to
the radius of curvature of the antenna apex. We attribute these narrow pat-
terns to the response of single molecules to the locally enhanced antenna eld;
only if a molecule is close to the antenna it interacts with the antenna mode
and its uorescence is enhanced. The larger spots have diameters of  100 nm
and originate from the residual aperture eld.
When the polarization is rotated by 90 degrees, only large spots were ob-
served, 2.5b. By restoring the polarization, the original image is recovered,
2.5c, indicating that the eects are purely optical. Only for the polarization
in the direction of the antenna position, the antenna is driven and a locally
enhanced eld forms at the antenna apex.
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1 μm
a b c
Figure 2.5: Single molecule uorescence for an optical monopole antenna
of length 80 5 nm (top row), and simultaneously recorded topography (bot-
tom row). The insets show the position of the antenna (small circle) relative
to the aperture (large circle), and the input polarization (arrow). Some exam-
ples of the response of single molecules to the antenna eld (narrow spots) and
the residual aperture eld (large spots) are encircled. Only for an incoming
polarization in the direction of the position of the antenna, the antenna mode
is driven and a highly localized eld at the antenna apex is formed. The cor-
relations between the positions of the small and large spots reveal the position
of the antenna relative to the aperture. The brightness of the image is linearly
proportional to the uorescence intensity. The color coding contains informa-
tion of the polarization of the uorescence: red corresponds to the detector for
the vertical polarization, green to the detector for the horizontal polarization
(Figure 2.1). Yellow implies equal signal in both polarization channels.
The simultaneously recorded topography conrms that the uorescence re-
sponse is not height induced [94], and allows comparing the positions of patterns
from dierent measurements (gure 2.5). Moreover, the height images give in-
formation about the antenna probe; surface features that are higher than the
antenna length result in a topography signal that contains a convolution of the
complete probe. A clearer example, for a dierent antenna, is shown in gure
2.7. The antenna, the at end-face and the aperture are clearly visible. The
height signal gives an accurate independent in situ measurement of the antenna
length and allows monitoring of any possible structural changes. Aditionally,
the topography gives a second independent way to determine the position of
the antenna relative to the aperture.
The positions of several of the narrow patterns are correlated with the
position of large spots, so that recurring patterns consisting of a narrow spot
to the upper left of a large spot are formed (gure 2.5). These patterns originate
from one single molecule. The relative orientation of the narrow and large spots
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Figure 2.6: The locally enhanced eld at the antenna is strongly con-
ned. Cross section from the narrow antenna spot marked in gure 2.5a by
two arrows. The full width at half maximum (FWHM) is 26  5 nm. Only if
the molecule is close to the antenna it interacts with the antenna mode and
its uorescence is enhanced. The orientation of this molecule is approximately
along the antenna axis (z).
reveals the antenna position. Evidently, the near-eld uorescence signal gives
a third and nal independent way to determine the antenna position relative
to the aperture.
The relative intensity and emission polarization of the spots for the dierent
incident polarizations contain additional information about the local eld at
the probe, and about the orientation of each individual molecule. The emission
polarization is color coded: the intensity for the detectors corresponding to
the vertical and horizontal polarization are colored red and green respectively.
Yellow implies equal signal on both detectors.
The large aperture patterns tend to have emission polarizations along the
input polarization. As for conventional aperture probes, [75], the aperture
eld preferentially excites molecules with an absorption dipole oriented along
the input polarization (see gure 2.8a) for a calculation). The aperture eld
thus selects a dierent set of molecules for each of the two dierent input
polarizations. The local eld at the antenna contains eld components in all
directions (see for example gure 1.3, and gure 2.8 below), and can thus
excite molecules with all orientations. This preferential excitation of dierent
orientations of molecules by the aperture eld explains why for each narrow spot
the corresponding large spot can appear either mostly for vertical or mostly
for horizontal input polarization, or can be absent entirely; these molecules are
oriented dominantly vertical, horizontal, or out-of-plane respectively.
The changes of color within a single-molecule pattern contain information
about the changes of the emission polarization as the molecule is scanned near
the antenna. Chapter 3 uses this information in a detailed study of the changes
of the angular emission of molecules as they are coupled to the antenna.
To summarize, the above results show that for an input polarization in the
direction of the position of the antenna the antenna mode is driven, and a
highly localized eld ( 25 nm) forms at the antenna apex. The rest of this
section discusses three main properties of the antennas, and their implications,
in more detail: the highly conned antenna eld, the driving of the antenna,
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0 nm
50 nm
Figure 2.7: The topography contains a wealth of information about the
monopole antenna; surface features higher than the antenna length result in
a convolution with the probe. The antenna length, 40 nm in this case, and
position can be determined and monitored during the actual experiment. The
scan area of the image is 570 570 nm.
and the resonant modes of the antenna.
Highly conned antenna elds
Figure 2.6 shows that the uorescence is only enhanced for small antenna-
molecule separations. Because the uorescence intensity is an approximate
measure of the excitation eld, equation 2.2, this result experimentally con-
rms that the antenna mode eld is highly conned and locally enhanced.
Such conned modes are one of the main properties of optical antennas. This
subsection explores two consequences of the eld connement in more detail:
near-eld optical microscopy and forbidden transitions.
Because the eld is locally conned, the scanning probe based antenna is ef-
fectively a high-resolution near-eld microscope. The 26 nm width of the single-
molecule response in gure 2.6 is a measure for the resolution.1 This width
is approximately 1=20th of the wavelength of the light used. Two molecules
placed 26 nanometer apart can be distinctly imaged by separately selecting
them by placing the antenna over them. The same probe-based antennas have
now been used by van Zanten et al. to image molecules on intact cell mem-
branes in physiological conditions with similar resolution [80].
Near-eld optical microscopy faces stern competition from far-eld mi-
croscopy techniques that exploit the molecular photophysics or photochemistry
[95{97]. Those techniques are generally easier to apply to biological imaging,
and obtain similar resolutions. However, the unique property of optical an-
tennas is that the electromagnetic eld is actually strongly conned. As a
result, the enhancement and connement applies to any type of light-matter
interaction, for example non-linear processes and Raman scattering.
1This measure is approximate because the measurement in gure 2.6 probes only the
component of the eld along the molecular dipole moment, in this case approximately along
the antenna axis. The orientational-averaged response is expected to be slightly broader.
Moreover, each molecular orientation will eectively interact with the antenna mode at a
dierent position, which introduces an additional uncertainty on the order of 25 nm in the
position of molecules with unknown orientation. The resolution dened here is thus strictly
valid only for a sample with all molecules oriented along the antenna axis.
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Physically highly conned elds imply strong eld gradients; when the eld
connement becomes on the order of the size of the emitter, the electric-dipole
approximation will break down, and (electric-dipole) forbidden transitions will
play an important role in the interaction. For the small molecules used here
no strong contributions of higher order transitions are expected. For larger
quantum dots (typically 5   20 nm), however, quadrupolar transitions should
become very important in the conned elds at optical antennas [98]. Optical
antennas can thus provide a controlled platform to study the fundamentals of
emitters in local elds and high gradients.
Theory of the near-eld driving of the antenna
The experimental results in gure 2.5 show that the antenna is only driven for
an incoming polarization in the direction of the position of the antenna. This
subsection uses numerical simulations to explain this observation, studies the
details of the driving of the antenna by the local aperture eld, and demon-
strates that the antenna is indeed ideally placed at the rim of the aperture.
We calculated the local elds at an aperture with and without the antenna.
The probe was modeled as a circular aperture in an innite perfect-electrical-
conducting (PEC) screen (10 nm thick), gure 2.8. The aperture diameter is
100 nm. The screen is illuminated from the back by a linearly-polarized plane
wave. Despite its simplicity, this model qualitatively explains the local elds
at an aperture probe [74, 75]. The antenna is modeled as a cylindrical rod of
radius R = 20 nm with a hemispherical end. For simplicity, the antenna is,
at rst, taken as a perfect electric conductor. The antenna length is 100 nm,
which is the rst-order resonant length for this PEC antenna at the excitation
wavelength of 514 nm. The electromagnetic eld was calculated with the time-
domain solver of CST Microwave Studio, a commercially available simulation
package based on the Finite Integration Technique (FIT) [99].
We anticipate that the antenna is driven by a eld component along its axis,
i.e. the z direction. For the aperture without the antenna, this eld component
is concentrated in two lobes at the edges of the aperture in the direction of the
incident/input polarization, gure 2.8a [74, 75, 89{93].
The antenna is placed next to the aperture, gure 2.8b. For an incident
polarization in the direction of the antenna position, the x direction, a strongly
conned eld is present at the antenna apex; the antenna mode is driven eec-
tively. The eld at the antenna apex is conned within  25 nm full width at
half maximum, and is enhanced compared to the eld of the aperture alone.
For incident y polarization there is no component along the antenna; the an-
tenna is not driven, and the aperture eld remains largely unaected. These
calculated results qualitatively explain the experimental results in gure 2.5.
As the antenna position is varied, the antenna response follows the evolution
of the z component of the eld of the aperture without antenna, gure 2.9. The
response for an antenna at the center of the aperture is weak, despite the strong
x component of the aperture eld at that location. These observations suggest
that only the local eld component along the antenna axis eectively feeds
the antenna mode. As a result, the antenna is ideally positioned close to the
aperture edge, justifying the fabricated probes.
The comparison of the above numerical calculations to the experimental
results hinges critically on the knowledge of the antenna position in the exper-
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Figure 2.8: Near-eld driving of the antenna by the aperture eld.
Numerical calculations for the electromagnetic elds for an aperture (a) without
and (b) with the antenna. Left: time snapshots of the local eld vectors in the
(x; z) plane (at phase ). Right: for (a) jEzj2 in a (x; y) plane 10 nm below
the aperture. for (b) jEj2 in a (x; y) plane 10 nm below the antenna apex.
The probe is modeled as an aperture (diameter 100 nm) in an perfect electrical
conducting (PEC) screen (thickness 10 nm), illuminated by a linearly-polarized
plane wave ( = 514 nm). The antenna is a PEC cylinder of 40 nm in diameter.
It has a hemispherical apex, and is resonant for the excitation light (length 100
nm).
iments. Recall that this position was determined in three independent ways:
from the orientation of the uorescence patterns, from the topography, and
from the far-eld scattering. All methods yield the same antenna position and
corroborate the idea that the antenna is only driven by the local eld compo-
nent along the antenna axis, i.e. by the input polarization in the direction of
the antenna.
The driving of the antenna is analogous to the far-eld excitation of nano-
rods by a plane wave polarized along the nano-rod axis. In our case, however,
the antenna is near-eld driven by the local eld of an aperture. Remarkably,
the antenna response can be predicted from the z component of the local eld
without the antenna, even though the eld is modied in a non-trivial way
after placing the antenna.
Monopole antenna resonances
To study the antenna resonances, antennas with dierent length were fabri-
cated, and scanned over single molecules (gure 2.4). Because the throughput
varies strongly between ber probes, absolute intensities cannot be compared.
As a gure of merit for the eld enhancement, we choose to take the uores-
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Figure 2.9: Position dependence of the driving of the antenna The
electric eld at the antenna apex, and the x and z components of the eld for
an aperture without antenna. The maximum of all results is set to unity. The
antenna response follows the spatial distribution of the z component of the
aperture eld without antenna, and appears unaected by the x component.
The three insets show jE2j in the (x; y) plane 10 nm below the antenna, for
three dierent antenna positions (0, 50 and 100 nm).
cence signal for molecules positioned at the antenna (narrow spots) relative to
the signal for molecules positioned under the aperture (large spots). Averages
over several of the strongest narrow spots, and independently over several of
the strongest large spots (not the same molecules), were taken to partly average
out any inuence of the dierent molecular orientations and positions in the
polymer. I will call the value obtained from the above procedure the antennna
response2.
Figure 2.10 shows the antenna response as a function of the antenna length.
A resonance is observed. The antenna response is maximum for antennas with
a length around 80 nm. The results in gure 2.10 describe the tuning of the
antenna resonance to the excitation wavelength (514 nm). The experimental
resonance length agrees well with the value predicted by numerical calculations
that take into account the aperture eld and the antenna material (aluminum
with a relative permittivity of  31:3 + 8:0i at 514 nm).
The expected rst-order resonance length for a conventional monopole an-
tenna is 0=4 = 128:5 nm, which is half the resonance length of a dipole antenna
due to the mirror ground plane. The resonance of the optical antennas hap-
pens at a shorter length ( 80 nm). The reasons for this shortening are better
illustrated by gure 2.11. For a perfect electric conducting antenna of negli-
gible thickness the rst two resonant modes are expected at 0=4 and 30=4.
2In the original publication [35], we named this value the antenna eciency. This is a
misnomer because an eciency for a passive device should normally not exceed unity, and
because the term antenna eciency has a dierent meaning in antenna theory already.
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Figure 2.10: Tuning the antenna resonance to the excitation wave-
length. The antenna response as a function of antenna length. A resonance
peak around 80 nm is observed for both the experimental results and for the
calculated values for aluminum antennas. The resonance is shifted to a length
shorter than 0=4, because aluminum is not a perfect conductor at optical
wavelengths. For some antennas no signature of an enhanced antenna eld
was observed. In those cases the noise level was used to estimate an upper
limit for the antenna response. These cases are displayed as open circles. The
theoretical values are taken 10 nm below the antenna apex, and are given in
arbitrary units.
A thin 2 nm radius PEC antenna approaches this situation, but all resonances
are slightly displaced to shorter lengths by an equal amount because the -
nite thickness introduces a phase shift upon reection at the antenna ends.
For the aluminum antenna, in addition to a phase shift, the surface plasmon
wavelength is shorter than the free-space wavelength (sp < 0); the spacing
between the peaks is reduced. These eects will be discussed in more detail in
Chapter 5, which studies the modes of optical antennas by treating them as
resonators for surface plasmons.
The good agreement of the experimental antenna response with the theo-
retical predictions conrms the idea that the antenna is an optical version of
a standard monopole antenna. This idea is further corroborated by the calcu-
lated modal elds for the rst two resonant modes, gure 2.12; although the
resonant length is shortened for the optical monopole the modal eld are still
characteristic of a monopole antenna. We performed a similar analysis for the
currents, or magnetic elds, which was included in reference [100].
Conclusion
The uorescence intensity of single molecules can be used to probe the excita-
tion part of the molecular interaction with the modes of optical antennas. In
this way, we experimentally demonstrated two key features of optical antennas,
strongly conned elds and resonant modes, directly in the near eld. These
two properties are at the heart of the functionality of optical antennas.
Our probe-based optical antenna is the optical analog of a monopole an-
tenna. The local eld distribution, the near-eld driving, and the resonances
are all characteristic for monopole antennas. Here, applying the terminology
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Figure 2.11: Calculated resonances for the aluminum optical antennas and for
thin perfect conducting antennas. The electric eld jEj 10 nm below the an-
tenna apex versus the antenna length. For traditional ideal monopole antennas
(innitely thin and perfect conducting), resonances occur at lengths that satisfy
(2j   1)0=4, with j = 1; 2; 3::. The calculations for a thin, 2 nm radius, PEC
antenna approach those values. For the aluminum antennas with radius 20 nm,
resonances occur at shorter lengths. This shortening is a result of an additional
phase shift at the antenna ends and the fact that the plasmon wavelength is
shorter than 0.
and ideas of antenna theory provides a clear and concise description of what
otherwise might be considered a complex nano-optical system.
The next chapter studies the properties of the emission process by charac-
terizing the polarization of the emitted uorescence. The interpretation of the
data relies on the excitation eld maps presented in this chapter, and is greatly
simplied by the conclusion that the antenna is a monopole antenna.
Associated publications
This chapter is based on:
[35] T. H. Taminiau et al., Nano Lett. 7, 28 (2007).
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Figure 2.12: The modal elds are characteristic for monopole anten-
nas. The absolute value of the electric eld for the rst two resonant modes
for (a) a thin, 2 nm radius, PEC antenna and for (b) the aluminum antenna
with a radius of 20 nm. The thin PEC antenna is equivalent to a conventional
monopole antenna. Apart from the shorter resonant lengths, the mode pro-
les of the aluminum optical antennas have all the same characteristics as a
conventional monopole antenna. The wavelength is 514 nm.
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CHAPTER 3
Monopole antenna:
Single-molecule emission
Antennas work both in excitation and emission. The previous chapter used
the uorescence intensity to characterize the excitation enhancement of single
molecules by an optical monopole antenna. This chapter treats the control of
the emission by the antenna. The key of the experiments is that the polarization
of the emission provides information about the orientation of the eective dipole
moment underlying that emission. By precisely positioning a single molecule
close to, and far from, an optical monopole antenna we directly measure and
control how the emission changes as the molecule is coupled to the antenna.
We nd that if the molecule is placed at the right position and if the antenna
is tuned to resonance, the angular emission of the coupled system is determined
by the dipole moment of the antenna mode, regardless of the orientation of
the molecular dipole. This observation provides direct insight in the role of
plasmon mode: the emitter near-eld couples to the antenna mode, which in
turn couples to the radiation eld, determining the angular emission.
The observation that the antenna determines the angular emission has sev-
eral implications. First, changes in emission direction imply changes in collec-
tion eciency, which can be benecial, but also complicate the interpretation
of intensity and ensemble measurements. Second, it is challenging to determine
the position of the emitter from the emitted eld alone. Third, the fact that
the antenna design determines the emission provides a clear guideline for incor-
porating the large library of traditional antennas in nano and quantum optics.
The next chapter exploits this last fact to realize highly directed emission and
excitation using an optical version of the Yagi-Uda antenna.
This chapter contains four sections. Section 4.1 presents an example calcu-
lation that illustrates how an optical antenna can control the angular emission.
Section 4.2 discusses the single-molecule experiments that demonstrate that
the antenna determines the emission. Sections 4.3 and 4.4 discuss two con-
sequences of that observation: changes in the collection eciency due to the
redirection of emission, and the issue of localizing the emitter by imaging.
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3.1 Introduction: An example of emission control
This section presents example calculations that illustrate how the angular emis-
sion can be controlled with an optical antenna, and how changes in angular
emission can be observed through changes in polarization.
Consider the case shown in gure 3.1: an emitter with a horizontal dipole
moment and a vertically oriented antenna. The emission pattern of the emitter
in a homogeneous medium (without antenna) is simply dipolar, gure 3.1a. If
we couple the emitter to the antenna, by placing it at the point of high mode
density at the antenna end, a new emission pattern is calculated. The new
pattern is rotated by almost 90 degrees, and resembles the emission of a vertical
dipole, which we associate with the vertical antenna, gure 3.1b. These results
suggest that for the coupled system the antenna is the main radiator, and that
the angular emission is determined by the antenna dipole moment.
a b
z
x
Figure 3.1: Control of emission with optical antennas. (a) The dipolar
emission pattern of a horizontally oriented emitter. (b) The calculated emission
pattern for the same emitter coupled to a vertical aluminum antenna, tuned
to its dipolar resonance. The black dotted pattern is a schematic for the ver-
tical dipole moment associated with the antenna. The angular emission of the
coupled system is dominated by the antenna dipole moment.
Instead of measuring the full angular emission pattern, basic information
about the orientation of the eective dipole moment of the emission can be
obtained from polarization measurements [86]. For example, a horizontal (x-
oriented) dipole moment emits mostly x-polarized light into the solid angle
around the z-axis (which is the optical axis of the detection system in our ex-
periments). A dipole oriented along y would result in mostly y-polarized light.
A dipole oriented along the antenna axis would emit a radially polarized beam
in the z-direction. In this chapter we use these dierences in the polarization
to study changes in the orientation of the emission dipole moment as a single
molecule is coupled to an optical monopole antenna.
The modication of the angular emission of single molecules near nanostruc-
tures has been observed previously for aperture near-eld microscopy probes
[52, 53] and for spherical nanoparticles [10, 41]. The advantage of the optical
monopole antennas studied here is that the resonant mode along the antenna
axis provides a well-dened and xed dipole moment, which allows strong con-
trol of the angular emission and a straightforward interpretation.
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3.2 Experimental control of single molecule emission
The experiments to characterize the emission are similar to those discussed in
chapter 2. A single molecule is scanned near a probe-based optical monopole
antenna and the uorescence is collected, gure 2.1. The quantity of inter-
est is now, however, the change in polarization as the molecule is coupled to
the antenna. This section presents the results that demonstrate that, if the
molecule is placed at the right position near a resonant antenna, the antenna
dipole determines the emission of coupled system, regardless of the molecular
orientation.
Directing single molecule emission
Consider the experimental uorescence map shown in gure 3.2. As in chapter
2, the uorescence intensity shows recurring patterns consisting of a small
spot and a large spot. We associate the small spots to the emission of a single
molecule coupled to the antenna, and the large spots to the uncoupled emission
of the same molecule when further from the antenna. The polarization of the
emission is characterized by projecting the emission on two detectors with a
polarizing beam splitter. This polarization is captured in the color coding: red
corresponds to the detector for horizontal polarization, green for the vertical
detector, and yellow corresponds to an equal projection in both channels.
Clearly, the color within individual single-molecule patterns changes with
the antenna position; the angular emission is modied by coupling to the an-
tenna. In this case the large spots tend to show a polarization along the
horizontal (x) excitation polarization, i.e. red, as expected from the prefer-
ential excitation of the sub-set of molecules with a large horizontal (x) dipole
moment by the residual eld from the aperture [75]. The small antenna spots
are mainly yellow, indicating that for the same molecules coupled to the an-
tenna the signal on both detectors is equal; the emission is determined by the
antenna dipole oriented along the optical axis, resulting in radially polarized
emission and an equal signal in both polarization channels.
To quantify these observations we dene a degree of (linear) polarization
(DOP ) as:
DOP =
Ix   Iy
Ix + Iy
; (3.1)
in which Ix and Iy are the intensity counts of the detectors for x- (red/horizontal)
and y- (green/vertical) polarization, respectively. The DOP provides a relative
weight of the two perpendicular polarization channels.
We compare the DOP value for a molecule closely coupled to the antenna
(small spots) to the value for the same molecule when it is further from the
antenna (large spots). We repeat this measurement for many molecules, each
with its own random orientation, and plot the results for the coupled DOP
against the uncoupled DOP for each molecule, gure 3.3.
Consider the expected DOP values in the following two limiting cases. If the
antenna does not aect the molecular emission then we expect both DOP values
to be always equal so that one obtains the diagonal identity line, gure 3.3.
However, if the antenna completely dominates the emission then the emission
is radially symmetric and the coupled DOP value is always zero (equal signal
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Figure 3.2: Single molecule uorescence. Single molecule uorescence map
obtained by scanning an optical monopole antenna over a sample of randomly
oriented and distributed individual molecules, see chapter 2 for experimental
details. Scale bar: 1m. The input polarization is horizontal, which is in the
direction of the antenna position (see inset, the small circle is the antenna, the
large one the aperture). Recurring patterns consisting of a small antenna spot
and a large aperture spot are observed. Each such pattern originates from a
single molecule. The quantity of interest is the emission polarization which
is color coded: red is horizontal, green is vertical. The color changes within
one individual single-molecule pattern demonstrate that the angular emission
changes as the molecule is scanned near the antenna.
in both detectors), whereas the uncoupled value is still free to take any value.
In that case we thus expect a horizontal line at zero.
The experimental data points deviate from the identity line. The coupled
DOP values indeed tend to zero, gure 3.3. For the uncoupled molecules the
DOP values are distributed over all possible DOP values, indicating molecules
with a large variety of dipole orientations were studied. These results corrob-
orate the idea that the emission of the coupled system is dominated by the
antenna dipole moment. The antenna determines the angular emission regard-
less of the orientation of the molecular dipole moment.
This straightforward interpretation of the experiments is possible only be-
cause we observe a single molecule at the time, and because can precisely and
dynamically position that molecule. By observing the same molecule close and
far from the antenna a clean reference situation is established and the changes
in the emission polarization as the molecule is coupled to the antenna are di-
rectly obtained.
The numerical calculations in gure 3.3 agree well with the experimental
results. Figure 3.4a shows an overview of the model system used for these
calculations. The calculations were done for a dipole antenna because accu-
rate modeling of the complete monopole ber probe is challenging. Because
a monopole is half a dipole antenna with the other half replaced by the re-
ection in the ground plane, the angular emission of the monopole antenna
can be approximated by a dipole antenna. The maximum magnitude observed
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Figure 3.3: Experimental control of angular emission. Experimental and
theoretical DOP values for molecules coupled to the antenna against the values
for the same molecules when uncoupled. The experimental values for the 34
molecules are a compilation taken from three dierent antennas, all with a
length close to resonant, and for a variety of dierent input polarizations. The
theoretical values were calculated for 104 random dipole orientations using
the model shown in gure 3.4a. The fact that the coupled DOP values are
distributed close to 0, whereas the uncoupled values are spread out over the
entire range, demonstrates that the antenna dipole moment determines the
angular emission of the coupled system, regardless of the molecular dipole
orientation.
for the theoretical uncoupled DOP is approximately 0:8, which is obtained for
dipoles oriented along either of the polarization axis (i.e. the x- or y axis).
The fact that an x-oriented dipole results in partly y-polarized light is caused
by the collection through the high numerical aperture objective (NA = 60
,
NA = 1:3) [102{104].1
The numerical calculations provide additional insight into the near-eld
coupling and the emission process, gure 3.5. The near-eld coupling of the
emitter to the antenna can be visualized by the local electric eld at the an-
tenna. Because the antenna response is resonant, the instantaneous local elec-
tric elds associated to the emitter and to the antenna mode can be visualized
separately in time by taking two snap shots with a =2 phase dierence, gures
3.5b and 3.5c. These images show that the horizontal emitter resonantly drives
the vertical dipole moment associated with the standing wave of the resonant
antenna mode.
In conclusion, the combined experimental and theoretical results in this
1Note that the experimental DOP values do exceed 0:8. This discrepancy is likely caused
by the assumption made in the calculations that all light collected by the objective falls on
the detector, whereas the actual detector has a nite size, cutting a part of the cross-polarized
light.
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Figure 3.4: Overview of the calculation models. (a) Vertical antenna,
which is also used as a model for the monopole antennas used in the experi-
ments. (b) horizontal antenna. The antennas are cylinders with hemispherical
ends. Parameters: wavelength 0 = 570 nm, L1 = 150 nm, L2 = 130 nm,
R = 20 nm, 0 = 1, 1 = 2:25, AL =  37:8+ 10:8i, d1 = 4 nm and d2 = 6 nm.
subsection show that the angular emission of the coupled system is determined
by the antenna emission. This result provides experimental corroboration for
the role of the antenna in the emission process: the emitter near-eld couples
to the antenna plasmon mode, which in turn couples to the radiation eld,
determining the angular emission. The rest of this section studies the inuence
of the molecular position and the dependence of the coupling on the tuning of
the antenna resonance.
The role of the molecular position
Due to the near-eld nature of the interaction between the molecule and the
antenna, the molecular position and orientation play a crucial role in the cou-
pling. The precise scanning of single emitters employed here allows a detailed
experimental study of the position dependence of the interaction.
It is illustrative to rst consider the case of an x-oriented molecule, as the
antenna eect on the angular emission is most prominent for an orientation
perpendicular to the antenna. The theoretical far-eld emission for several
dierent positions of the emitter is shown in gure 3.5d. For the emitter far
away from the antenna (x = 500 nm) the emission into the glass consists of two
lobes, as expected for a dipole oriented parallel to a dielectric interface in the
absence of the antenna [105, 106]. The emission is unperturbed. As the emitter
approaches the antenna, the radiation pattern gradually changes. At x = 20
nm, where the coupling is maximum, the pattern resembles a cone. Such a
pattern is characteristic for a dipole perpendicular to a dielectric interface (z-
oriented) [105, 106], in agreement with the example in gure 3.1 and with the
notion that the antenna dipole moment determines the emission.
The polarization of the emission is better visualized in the back focal plane
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Figure 3.5: Calculated emission for the experimental situation (a) A
horizontal emitter is scanned near a vertical antenna, details in gure 3.4a.
(b)&(c) Instantaneous local electric eld amplitude for x = 20 nm and for two
dierent phases. Because the phase of the resonant response of the antenna
lags the driving emitter eld by =2, the emitter and antenna mode elds can
be visualized (approximately) separately. In (b) the dipole eld is maximum,
in (c) the antenna eld is maximum. The arrows depict the eective dipole
moments. (d) Far-eld angular and back focal plane emission for dierent
emitter positions. For the back focal plane projection an apodization factor of
unity was used (whereas the standard cos() apodization factor was used for
the DOP calculations). As the emitter approaches the antenna, the emission
gradually changes from that characteristic for a horizontal emitter to that of the
vertical dipole associated with the antenna. Red indicates high eld amplitude.
of the objective, gure 3.5e. [107] For the emitter coupled to the antenna,
the emission pattern is approximately radially symmetric, and the polarization
approximately radial. Such an emission pattern contains equally strong x and
y polarized parts, and thus give DOP  0. The two-lobed pattern for the
emitter far from the antenna is approximately linearly polarized along the
emitter dipole orientation; the emission polarization will depend strongly on
the emitter dipole orientation. These observations are in agreement with the
experimental data of gure 3.3.
Experimentally, when a molecule is scanned near the antenna both the
uorescence intensity and the polarization change with position. Figure 3.6
shows line traces for the uorescence intensity I and theDOP for three example
molecules, each with a dierent orientation.
The intensity I is compared to the radiative decay rate  rad, which was cal-
culated for the conguration in gure 3.4a. Both parameters show qualitatively
the same spatial behavior, because both the enhancement of the excitation and
the emission are governed by the enhanced electric modal eld at the antenna
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Figure 3.6: Near-eld coupling of three molecules to the antenna.
The uorescence intensity I (experimental), radiative decay rate  rad (cal-
culated), and degree of polarization DOP (experimental and calculated) for
three molecules with dierent orientations dip when scanned along x (hori-
zontal). The insets are the 2D uorescence maps obtained by raster scanning
the molecules under the antenna probe. The intensity I,  rad and the DOP
all vary over short distances, demonstration that coupling to the antenna is a
near-eld eect, both for the excitation and emission processes.
apex. Although the emission is Stokes shifted, the spatial eld prole at the
antenna apex is mainly determined by the radius of curvature and is fairly in-
sensitive to wavelength changes. The calculations do not include the aperture
probe, and thus give no information about the broad peaks originating from the
excitation by the residual aperture eld. Because the radiative decay rate  rad
provides a measure for the coupling to the antenna mode, the good agreement
of the intensity curves with the radiative rate implies that the narrow intensity
proles are an indication for the coupling as well.
For the DOP the comparison to the theory is direct and quantitative. The
experimental DOP values, obtained only for positions with sucient emission
intensity, agree well with the numerical calculations. For molecules far away
from the antenna (x = 200 300 nm) the DOP value depends on the molecular
orientation. As the molecules are placed closer, the DOP changes gradually
in a non-trivial manner. When the coupling to the antenna is maximum, i.e.
when I and  rad are high, the DOP tends to zero, as expected for the antenna
dipole moment. These changes of the DOP happen over short distances ( 50
nm), demonstrating that the interaction is highly localized in emission as well,
and that the coupling is a near-eld eect.
Finally, a more complete picture can be obtained from calculations of  rad
and the DOP for emitters with a variety of dierent orientations near vertical
and horizontal antennas, gure 3.7.
The calculations for  rad demonstrate two implications of the near-eld
nature of the coupling. First, emitters of all orientations can be coupled to
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the antenna modes of the vertical and horizontal antennas. Second, emitters
with dierent orientations couple to the antenna modes at dierent positions.
For example, a horizontal emitter (dip = 90
) does not couple to the vertical
antenna mode right under the antenna apex, i.e.  rad is minimum for x = 0,
because the local modal eld is perpendicular to the dipole. Just 20 nm to the
side of the apex, however, the coupling is maximum.
In all cases the DOP tends to the value associated with the antenna dipole
moment when the coupling of the emitter to the antenna is maximum. The
eect is most clearly seen for emitters oriented perpendicular to the antennas.
Recall that, in general, a vertical dipole moment gives DOP = 0, whereas
a horizontal dipole moment (along the x-axis) gives a high DOP value (
0:8). For a horizontal emitter the DOP far away from any antenna is high,
corresponding to the undisturbed emitter dipole. When the emitter is coupled
to the vertical antenna, the DOP becomes low because the vertical dipole
moment of the antenna determines the emission. Likewise, for a vertical dipole
emitter the DOP far away from any antenna is 0, but when the emitter is
coupled to the antenna, the DOP becomes high as the angular emission is now
given by the horizontal dipole moment of the antenna.
In summary, the experiments and calculations in this subsection show that
near-eld nature of the coupling to the antenna mode implies that the interac-
tion happens over short distances (20 nm), and that emitters of all orientations
can couple to the antenna mode, but do so at dierent positions. Addition-
ally these results provide further examples of the fact that the antenna dipole
moment determines the emission if the emitter is coupled to the antenna by
placing it at the right position.
The role of the antenna resonance
The antenna resonances play an important role in the interaction of the emitter
with the antenna. Up to now all antennas considered were at resonance with the
emission. This subsection studies the eect of tuning the antenna resonances,
by varying the antenna length, on the coupling  rad and the resulting angular
emission.
Figure 3.8 presents calculations of the radiative decay rate  rad and the
angular directivity D(; ) as a function of the antenna length L. These calcu-
lations were done for gold antennas with dierent parameters, gure 3.8a, but
the principles are general. The radiative decay rate  rad reaches a maximum
of 500 times the vacuum rate for the dipolar resonance at L  150 nm, gure
3.8b.
The angular emission is dipolar for each of the four selected antenna lengths
in gure 3.8c. As the resonant length is approached, the emission pattern
steadily rotates from the dipolar pattern of the horizontal emitter towards the
dipolar pattern of the vertical antenna dipole moment, which can be explained
as follows. The angular emission is a combination of the horizontal dipole
moment of the emitter, plus the transverse response of the antenna, and the
vertical dipole moment of the antenna mode. As the antenna is tuned to
resonance with the emission wavelength, the balance progressively shifts from
the emitter dipole towards the perpendicular oriented antenna dipole, until the
antenna mode dominates and fully determines the angular emission.
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Figure 3.7: Position dependence of the coupling and polarization Cal-
culated x-position dependence of the radiative transition rate  rad and the
degree of polarization DOP for (a) a vertical and (b) a horizontal antenna,
and for several dierent emitter orientations dip. In all cases the resulting
emission can be understood from coupling and from the dipole moments of
the emitter and the antenna. When uncoupled from the antenna (low  rad)
the dipole of the emitter determines the DOP , when coupled (high  rad) the
antenna dipole determines the DOP . The DOP for a vertical dipole moment
is 0, for a horizontal dipole moment DOP  0:8. Emitters with dierent orien-
tations couple to the antennas at dierent positions, but always yield a DOP
corresponding to the antenna dipole moment
Conclusion
The results in this section show that if the emitter is placed at the right position
near the antenna and if the antenna is tuned to resonance, then the interaction
of the emitter with radiation occurs through the antenna mode. The next
sections discuss two consequences of these observation: changes in collection
eciency and challenges in determining the position of emitters near antennas.
3.3 Collection eciency
Having established experimentally that the coupling to the antenna changes the
angular emission, the question arises how this inuences the actual amount of
signal collected. Although the answer will depend on the specic illumination
and collection conguration, some general concepts can be established. In this
theoretical section I will discuss the changes in collection eciency, and the re-
sulting changes in detected intensity, as emitters with dierent orientations are
coupled to vertically and horizontally oriented antennas. The results can again
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Figure 3.8: Tuning the antenna resonance to the emission. (a) Calcula-
tion overview. A horizontal dipole emitter coupled to a vertical dipole antenna
of variable length L. Wavelength 800 nm, AU =  26:3 + 1:85i (gold). (b)
The radiative decay rate  rad relative to the vacuum rate as a function of the
antenna length L. The antenna is resonant with the emission wavelength for
L  150 nm. (c) The angular directivity D(; ) for dierent antenna length L.
The dipolar emission pattern progressively rotates towards the antenna dipole
moment as the antenna is tuned into resonance with the emission.
be understood in terms of the orientation of the dipole moments of the emitter
and antenna, and show that strong changes in collection eciency occur, which
complicate the interpretation of intensity and ensemble measurements.
Denitions and gures of merit
The collection eciency c gives the fraction of the total emission that is di-
rected into the objective numerical aperture. We calculated c for the con-
gurations of gure 3.4, and for dierent distances between the antenna and
emitter. We consider two molecular orientations, vertical (mol = 0
) and hor-
izontal (mol = 90
) since they show the extreme behaviors, and two numerical
apertures: a low NA=0.5 (NA = 20
), and a high NA=1.3 (NA = 60). Ad-
ditionally, we dene a gure of merit F for the uorescence signal in the low
excitation power regime as:
F = 2c rad: (3.2)
We justify this denition as follows. First, we assume that the excitation
and emission have approximately the same wavelength and that illumination
and collection use the same objective. Second, we consider the excitation and
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emission separately. On the excitation side, the uorescence intensity is pro-
portional to the excitation rate  exc, which generally depends on the specic
illumination. In order to keep our denition general, we take the incoherent
sum of the available modes, i.e. plane waves, as a measure for the excitation.
The excitation is then proportional to c rad. On the emission side, the uo-
rescence intensity is proportional to the product of the quantum eciency and
the collection eciency qc. The quantum eciency q generally varies with
position, especially very close to the antenna(< 10 nm). Here, for simplicity,
we assume that the antenna is ecient, and neglect changes in q. The above
denition of F is obtained by multiplying the excitation and emission parts.
Importantly, by not specifying phase relations, we avoid the denition of
a specic illumination and the introduction of the relative position of the an-
tenna/emitter to the optical axis of the objective as an additional spatial degree
of freedom. In other words, the above denition of F gives a gure of merit for
the potential uorescence signal when the illumination is chosen wisely (what-
ever type of illumination that might be for the specic conguration under
study).
A similar analysis could be made for other limiting cases. For example,
for saturating excitation powers we get F 0 = c rad, because the excitation
rate and quantum eciency play no role. For an emitter with a near 0 intrinsic
quantum eciency and low excitation powers the symmetry between excitation
and emission is restored and we nd F 00 = 2c 
2
rad. In general the product
c rad, i.e. the accessible radiative states, is an important gure for an optical
antenna.
Vertical antenna
Figure 3.9 shows the calculation results for a vertical antenna. The collection
eciency c and the gure of merit for the uorescence F are displayed for a
horizontally and a vertically oriented emitter as a function of the x-position
near a vertical antenna, for both NA=0.5 and NA=1.3. Several positions are of
special interest: far away from the antenna (as a reference), positions of high
 rad (where the coupling is strong) and positions of high F (high expected
uorescence signal).
The collection eciency c varies with position and behaves dierent for
the two dipole orientations. The relative variations are much larger for the low
NA=0.5 than for the high NA=1.3. For NA=0.5, the most striking feature is
the decrease by a factor 3 of c for the horizontal emitter as it approaches the
antenna and  rad increases (the dotted vertical lines indicate the maxima of
 rad from gure 3.7).
These observations are again explained by the antenna and emitter dipole
moments. For a small NA, c is relatively low for a vertical dipole compared
to a horizontal dipole, as can be seen from the values far from the antenna
(x = 300 nm). For high NA, the two orientations are collected with a similar
high eciency. The coupling of the horizontal emitter to the vertical antenna
dipole mode thus results in a decrease in collection eciency for NA= 0:5, but
not for NA= 1:3. For the vertical emitter, the coupling to the vertical antenna
leaves the angular emission relatively unchanged.
The F values for both emitter orientations are shown in gure 3.9b. For
NA= 1:3, F is strongly enhanced by the coupling to the antenna; the increase
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Figure 3.9: Case of a vertical antenna. (a) Collection eciency c for a
horizontal (dip = 90
) and a vertical (dip = 0) emitter as a function of the
distance x to the antenna. The vertical dotted lines indicate the maxima of
 rad in gure 3.7a, i.e. the positions of maximum coupling. (b) Figure of
merit for the uorescence F and relative weight S for horizontal and vertical
emitters as a function of x. For both (a) and (b): left for NA= 0:5 and right
for NA= 1:3.
of  rad results in an increased potential uorescence. In contrast, for a small
NA, there is no signicant enhancement of F compared to the emitters at
x= 300 nm. The decrease in collection eciency as the emission is channeled
through the vertical antenna dipole nullies the increase in  rad.
Horizontal antenna
For the horizontal antenna the largest modications of the angular emission
and thus c happen for the vertical emitter, gure 3.10. For NA= 0:5, c
for the vertical emitter is increased by a factor of 20 as it is coupled to the
antenna. The vertical emitter couples to the horizontal antenna dipole mode,
whose emission is eectively collected even with a low NA. For a horizontal
emitter, the coupling to the antenna has little eect, but an abrupt jump not
directly related to a clear coupling to the resonant antenna mode is seen when
the emitter is moved under the antenna.
Because the horizontal antenna is eectively excited and collected for both
large and small NA, the curves for F are similar in shape to  rad (gure 3.7),
and show a signicant enhancement due to the antenna. The coupling is more
eective for the vertical emitter, for which F is enhanced more than for the
horizontal emitter.
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Figure 3.10: Case of a horizontal antenna. (a) Collection eciency c for
a horizontal (dip = 90
) and a vertical (dip = 0) emitter as a function of
the distance x to the antenna. The vertical dotted lines indicate the maxima
of  rad in gure 3.7b. (b) Figure of merit for the observed uorescence F and
relative weight S for horizontal and vertical emitters as a function of x. For
both (a) and (b): left for NA= 0:5 and right for NA= 1:3.
Implications for ensemble measurements
In a measurement on an ensemble of emitters with dierent orientations, the
contribution of each orientation to the total intensity diers. To quantify the
relative weight of the two emitter orientations in the total uorescence for each
position, we dene a parameter S:
S =
Fx   Fz
Fx + Fz
; (3.3)
in which Fx and Fz are the F values for the horizontal and vertical emitters,
respectively. The weight parameter S provides an estimate for which orienta-
tions are contributing most of the signal or, in other words, which orientations
are actually observed. Figures 3.9b and 3.10b show that strong changes in S
occur in the vicinity of the optical antennas. In an ensemble it is thus in general
not straightforward to determine which subset of emitters is observed, which
complicates the comparison to a reference measurement and the interpretation
of the results.
As an example, consider the case of a horizontal antenna on a substrate,
gures 3.4b and 3.10b. The emission far from the antenna is used as a reference
measurement for the emission close to the antenna. S is mostly negative close
to the antenna, indicating that vertical emitters are preferentially observed.
For the reference far from the antenna S is positive and horizontal emitters
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contribute most of the signal, gure 3.10b. Two dierent subsets of emitters are
thus compared. If we are interested for example in the excited state lifetime,
these two dierent subsets have dierent natural lifetimes near an interface
even without antenna. As a result the interpretation of lifetime changes is not
directly clear. A similar analysis applies to the vertical antenna with a high
NA objective, gure 3.9b, and to other properties such as the angular emission
including spectra and polarization.
For an ensemble measurement, full calculations that take into account the
complete experimental conditions, i.e. including the illumination and collec-
tion, are thus required in order to quantitatively interpret any result. This
is not the case for experiments on single emitters; measurements of intrinsic
quantities such as the angular emission/excitation, spectrum, polarization and
lifetime of a single emitter are naturally independent of the absolute uores-
cence intensity, section 1.2. If in addition the emitter can be moved around
controllably, as in the experiments presented in this chapter, a clear reference
measurement is trivially established and changes in the emission properties are
directly observed.
3.4 Localization of the emitter by imaging
Because the antenna dominates the angular emission of the coupled emitter-
antenna system, any observation of the emission will reect mostly the prop-
erties of the antenna. This section demonstrates theoretically that if we form
an image of the antenna-emitter system in a microscope, we in fact \see" the
antenna position, not the emitter position.
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Figure 3.11: Imaging of an antenna coupled emitter. Calculated image
(0:86 NA air objective) of an emitter placed 10 nm from the left end of a
resonant gold antenna with a length of 190 nm, in vacuum. The emission
wavelength is 826:6 nm. The emitter is placed on, and oriented along, the
antenna axis. The image is centered (approximately) on the antenna (white
rectangle in the 2D image and grey area in the cross section), not on the emitter
position (white dot in the 2D image and orange line in the cross section). The
x-cross section is taken for y = 0.
Figure 3.11 shows a calculated diraction-limited real-space image of an
emitter coupled to a resonant antenna. The image was calculated using the
angular spectrum representation [84, 103, 104]. The emitter was placed at the
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end of the antenna, on the antenna axis and oriented along that axis. Clearly,
the image is centered on the antenna, and not on the position of the molecule.
In fact, the emitter position is not easily deduced from the image.
This observation provides a challenge to recent experiments that use local-
ization microscopy to map localized elds at nano-structures [108]. In local-
ization microscopy the position of an emitter is determined with nanometer
precision by tting the image to the known point spread function (PSF) of the
microscope in a simple or homogeneous environment [95{97]. By repeatedly
observing a single emitter at the time, a sub diraction limited image can be
constructed. Near an antenna, or other particle or inhomogeneity, however,
this idea cannot be simply applied, as demonstrated by gure 3.11 for which
tting of a standard PSF would yield the position of the antenna, not the emit-
ter. In other words, if we consider the antenna part of the imaging system,
the point spread function is unknown and depends non-trivially on the emitter
position.
The uniqueness of the electromagnetic eld ensures that the information
about the emitter position is contained in the emitted eld. This information
is, however, hidden in the subtle details of the image. For example the prole
in gure 3.11 is slightly asymmetric. Thus, a type of deconvolution could in
theory be used to determine the emitter position but might require detailed a-
priori knowledge of the antenna geometry and the emitter-antenna interaction
that one set out to measure.
In the experiments presented in this thesis, these considerations play no
direct role because the emitter is precisely and controllably scanned so that
its (relative) position is independently determined. In that way spatial maps
of locally enhanced elds at nano-structures can be obtained with nanometer
resolution, as in gure 2.6.
Conclusion
If an emitter is placed at the right position, and if the antenna is tuned to
resonance, then the antenna determines the angular emission, regardless of the
emitter orientation. This result provides a direct experimental demonstration
of the working mechanism of optical antennas; the emitter near-eld couples
to the antenna mode (enhancing emission rates), which in turn couples to
radiation and determines the angular emission.
The fact that the antenna mode determines the emission properties has sev-
eral implications. It implies changes in collection eciency which complicate
the interpretation of ensemble measurements. It also complicates the determi-
nation of the position of the emitter. But, maybe more importantly, it provides
an opportunity and a clear guideline to design antennas to benecially tailor
the emission of single quantum emitters.
The next chapters exploit this fact. In chapter 4, I discuss the highly
directional emission from a single quantum emitter by coupling to an optical
Yagi-Uda antenna. Chapter 5 studies the emission of single emitters coupled
to higher order antenna modes.
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CHAPTER 4
Optical Yagi-Uda antennas
It is desirable for an antenna to have a high directivity, because this enhances
the interaction with a directed set of radiation modes, and therefore facilitates
eective excitation and collection. The antennas and emitters considered in
the previous chapters all emit an approximately dipolar pattern with a low di-
rectivity. This chapter discusses a directional multi-element Yagi-Uda antenna.
We show by numerical calculations that the antenna enhances excitation
and emission rates, due to the near-eld coupling to the resonant feed element,
and simultaneously strongly directs the emission, due to the passive elements
surrounding the feed. We corroborate the latter prediction with experimental
results.
This increased antenna directivity results in an increased enhancement of
the excitation rate from the angle of high directivity, as well as the emission
rate into that angle, despite the extra loss introduced by the passive elements.
We use the reciprocity theorem to derive a relation between excitation and
emission rates that explains the above results and gives fundamental insight in
the role of the directivity in creating strong local elds and enhancing excitation
rates.
The Yagi-Uda antenna increases the collection eciency for low numeri-
cal apertures, and provides a way to further enhance excitation rates. This
improved control over the interaction of light and matter shows the potential
of Yagi-Uda antennas to eectively communicate light to, from, and between
quantum emitters.
This chapter contains four sections. The rst section introduces the con-
cept of (optical) Yagi-Uda antennas and the specic design considered here.
Section 2 shows that the emission is highly directed and can be aimed in any
direction. Section 3 demonstrates that the excitation and emission rates are
enhanced and relates these rates by reciprocity. Finally, section 4 summarizes
our experimental realization of the theoretical predictions in this chapter.
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4.1 Introduction
The Yagi-Uda antenna is a common directional radio and television antenna.
A high directivity is achieved by placing several passive scatterers around an
actively driven resonant feed element [110, 111]. On one side of the feed, the
scatterers are slightly capacitive detuned, these are called the directors. The
elements on the other side, the reectors, are detuned inductively. The resulting
interference of the scattered waves creates a beam directed towards the side of
the directors.
To use this principle of directed emission in optics, it has been proposed
to place an emitter in an array of properly tuned nano-particles [54, 112]. In
those schemes the active feed element of the Yagi-Uda is replaced by a dipolar
optical emitter. Although a directed beam was indeed predicted, one of the
prime advantages of optical antennas, the strong modication of transition
rates by a near-eld coupling to a resonant element, is lost in such schemes.
Here we show by numerical calculations that a complete nano-optical Yagi-
Uda antenna, including a resonant feed element, simultaneously enhances tran-
sition rates and achieves high directionality. In addition, I will shortly discuss
our experimental realization of such a nano-optical Yagi-Uda antenna.
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Figure 4.1: Overview of the Yagi-Uda antenna. For an operating wave-
length of 0 = 570 nm and an aluminum antenna (r =  38:0 + i10:9) in
free space and with elements with a radius of 20 nm, the feed element is reso-
nant for Lf = 160 nm. The director length (Ld) is 0:9Lf , the reector length
(Lr) is 1:25Lf . The director spacing (ad) is 0=4, the reector spacing (ar)
is 0=4:4. Two dipole emitter orientations (y and z) and the positions where
they eectively couple to the feed element are shown.
The antenna design
Figure 4.1 shows an overview of the Yagi-Uda antenna considered here. The
antenna consists of 5 cylindrical elements (1 feed, 1 reector and 3 directors)
with hemispherical ends, and with a radius of 20 nm. We choose aluminum for
its signicant scattering cross section at the chosen wavelength (570 nm) and
element radius (20 nm). The principles discussed here are, however, generally
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valid. Depending on the operation wavelength other materials, such as gold or
silver, give similar but quantitatively dierent results. In fact, the experimen-
tal demonstration discussed in section 4.4 uses gold Yagi-Uda antennas at a
wavelength of 800 nm.
The length and the spacing of the antenna elements were optimized as
follows. First, standard parameters for a 5-element Yagi-Uda antenna with thin
elements of a perfect electrical conductor (PEC) were taken [110]. Next, the
change in the dipolar resonance length of the feed element for a realistic radius
(20 nm) and material (aluminum) was calculated. Then, all element lengths
were scaled by the same scaling factor while keeping the spacing constant.
Finally it was certied that the new parameters are indeed a (local) optimum
for the directivity.
For the emission calculations, a dipolar emitter was used as a source. The
emitter was coupled to the feed element by placing it at a point of high electric
mode density at the one of the extremes of the feed element. Due to the near-
eld coupling, emitters of all orientations can couple to the feed element, but
do so at dierent positions. The respective positions for the two orientations I
will discuss here are shown in gure 4.1. For the calculations of the excitation
eld the antenna was illuminated by plane waves and the eld at the position
of the emitter was evaluated.
4.2 Enhanced directivity
In chapter 3 we found that the angular emission of an emitter coupled to an
antenna mode is determined by the antenna. This section exploits that concept
by showing that the angular emission of a dipole emitter coupled to the optical
Yagi-Uda antenna is highly directed, and can be aimed towards an arbitrary
direction. It is illustrative to distinguish two cases: an emitter oriented parallel
to the feed element, and one oriented perpendicular to it.
Parallel emitter
Figure 4.2 shows the angular directivity D(; ) for a dipolar emitter oriented
along the y-axis, i.e. parallel to the antenna elements. Three situations are
considered: the free emitter without antenna, the emitter coupled to a dipole
antenna and the emitter coupled to the Yagi-Uda antenna.
The dipole antenna is simply the feed element alone and is included as
a reference situation. The radiation pattern for the emitter coupled to the
dipole antenna is similar to the free emitter, gure 4.2 c and d. The maximum
directivityD is slightly higher for the dipole antenna (1:7 compared to 1:5), and
the emission pattern is slightly asymmetric because the symmetry is broken by
the antenna.
The emission of the same emitter coupled to the Yagi-Uda is strongly di-
rected along the +z-axis, gure 4.2. The maximum directivity D is 6:4, which
is 3:8 times higher than for the dipole antenna, gure 4.2 c and d. For an ideal
lossless PEC antenna, D is an additional factor 2 higher (not shown), in ac-
cordance with typical values for radiowave 5-element Yagi-Uda antennas [110].
The high directivity obtained shows that the Yagi-Uda concept is valid for re-
alistic dimensions and materials in the optical domain. These results are in
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Figure 4.2: Directional emission with an optical Yagi-Uda antenna.
Emission for a y-oriented dipolar emitter without antenna, coupled to a dipole
antenna and coupled to the Yagi- Uda antenna. (a) and (b) show the three
dimensional radiation patters for the free dipole emitter and the Yagi-Uda
antenna respectively. (c) and (d) show the directivities D(; ) in the two
major planes for all three cases. The schematics show the location of the
emitter and the orientation of the emitter and Yagi-Uda antenna relative to
the image plane. The distance between the emitter and the antenna element
is 4 nm. The angular emission of the emitter coupled to the Yagi-Uda antenna
is highly directed.
agreement with results obtained by coupled-dipole theory under a point-dipole
approximation [54].
Perpendicular emitter
The near-eld nature of the coupling allows any dipole orientation to be coupled
to the antenna. Figure 4.3 shows the angular emission for a dipolar emitter
oriented along the z-axis, i.e. perpendicular to the antenna elements, with and
without Yagi-Uda antenna. Without the antenna this emitter does not emit
along the along the z-axis at all. When coupled to the antenna the emission is
directed mainly in the z-direction. The emission is thus both highly directed
and rotated by 90 compared to the free dipole. The rotation is a result of
the near-eld coupling as discussed in detail in Chapter 3. The directionality
is created by the surrounding passive elements. The near-eld coupling to
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the feed element of the Yagi-Uda antenna thus allows full control of the main
direction of emission.
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Figure 4.3: Simultaneous rotation and direction of the emission. Com-
parison of the directivity D(; ) of a z-oriented emitter with and without
Yagi-Uda antenna. The schematics show the position of the emitter (3 nm
from the antenna) and the orientation of the emitter and antenna relative to
the image planes. The near-eld coupling to the feed element rotates the emis-
sion by 90 degrees, while the passive elements direct the emission. The nal
emission is directed into an angle that the emitter itself does not emit into at
all.
Note that the angular emission in gure 4.3 is very similar to the emission
for the y-oriented emitter coupled to the Yagi-Uda (gure 4.2), as is expected
because the angular emission is mainly determined by the antenna mode.
4.3 Enhanced transition rates
In addition to the increased directivity due to the passive elements, the near-
eld coupling to the resonant feed element enhances the emitter transition
rates. This section discusses the changes of the transition rates by coupling to
the Yagi-Uda antenna, and compares the results to the rate enhancements for
a dipole antenna. The results show that, like a dipole antenna, the Yagi-Uda
antenna enhances both excitation and emission rates. Moreover the increased
directivity provides a way to further enhance the excitation rate. Although
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the high directivity comes at the expense of additional losses, these losses are
outweighed by the benets of the directivity. We explain these observations
by deriving a relation between the emission and excitation rates using the
reciprocity theorem.
Excitation and emission rates
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Figure 4.4: Enhanced excitation and emission rates. The distance de-
pendence of the excitation  exc(0; 0), radiative  rad, and non-radiative  nr
rates and the quantum eciency q, for a y-oriented dipole coupled to (a) a
dipole antenna and to (b) a Yagi-Uda antenna. The insets show the position
and orientation of the emitter relative to the antennas. The near-eld coupling
to the antennas enhances all rates. The high directivity of the Yagi-Uda an-
tenna provides an additional enhancement of the excitation from the forward
direction.
Figure 4.4 shows the enhancement of the transition rates for a dipole an-
tenna and for the Yagi-Uda antenna. The radiative decay rate  rad and the
non-radiative rate  nr are taken relative to the radiative rate for the emitter
without antenna. The excitation rate  exc(0; 0) for a y polarized plane wave
traveling in the negative z direction is taken relative to the excitation rate for
the emitter without antenna. This excitation direction and polarization are
expected to be close to optimal for the free emitter, for the dipole antenna,
and for the Yagi-Uda antenna.
For the dipole antenna,  exc(0; 0) is enhanced up to a factor 200 for very
short distances, due to the locally enhanced eld.  rad follows almost exactly
the same curve as  exc(0; 0). This similarity will be explained below using the
reciprocity theorem. For  nr, there are two types of contributions: losses of
the antenna mode and losses due to the eld induced directly in the metal
by the dipole. The latter causes the steep increase of  nr at short distances,
which results in a strong decrease of the quantum eciency q (quenching).
The strong distance dependence of all rates demonstrates the local nature of
the coupling to the antenna.
For the Yagi-Uda antenna the most striking result is the enhancement of
 exc(0; 0) by a factor of more than 3 compared to the reference dipole. This
enhancement of the excitation rate originates from the increased directivity of
the Yagi-Uda antenna in the direction under which the antenna is illuminated
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( = 0,  = 0). By reciprocity the antenna works both in emission and
reception; a high directivity implies an enhanced emission in a certain direction,
and also an enhanced excitation from that direction.
Losses and gain
The parasitic elements introduce extra losses. These losses results in an increase
of  nr and a slight decrease of  rad, and therefore a decrease in quantum
eciency q. These additional losses partly counteract the benets of the
higher directivity. To answer the question what the improvement in the actual
emission of the Yagi-Uda antenna over the dipole antenna is, we consider two
limiting cases: low excitation powers far from saturation, and high saturating
powers.
For low powers the emission-side contribution to the detected signal is pro-
portional to the product of the collection eciency c and the quantum ef-
ciency q. The high directivity of the Yagi-Uda antenna can increase the
collection eciency. If we consider the detection of plane waves, or simply
a very small NA, then the collection eciency is directly proportional to the
directivity, section 1.2. The relevant gure of merit in this case is thus the
product of the eciency and the directivity, i.e. the gain G:
G(; ) = qD(; ): (4.1)
The maximum gain for the dipole emitter without antenna is 1:5 (a direc-
tivity of 1:5 and an intrinsic quantum eciency 1), gure 4.5. The gain for
the emitter coupled to the dipole antenna is mostly lower than the gain for
the emitter itself; the dipole antenna does not direct the emission much, but it
does introduce losses. For the Yagi-Uda antenna, the gain is generally enhanced
compared to both the emitter itself and to the dipole antenna. The enhance-
ment of the directivity outweighs the extra losses due to the passive elements.
Therefore, the Yagi-Uda antenna does not simply lter certain directions by
absorption, but concentrates the emission into a directed beam.
For saturating excitation powers the detected signal is proportional to the
emission rate into the detection direction. The relevant quantity is then prod-
uct of the radiative decay rate  rad and the directivity D(; ). Due to reci-
procity the enhancement of this quantity is mathematically the same as the
enhancement of the excitation (see also section 3.3), which is already plotted
in gure 4.4. Clearly, the excitation rate in the forward direction for the Yagi-
Uda is enhanced compared to the dipole antenna. Therefore, the increased
directivity outweighs the small decrease in  rad when placing the passive ele-
ments. The maximum number of photons emitted in the forward direction is
thus increased by the passive elements.
Relating the excitation and emission rates by reciprocity
When placing an antenna near an emitter the excitation and emission rates
are altered. The changes of both these rates are related to each other by the
reciprocity theorem. The enhancement of the emission rate into a certain angle
and polarization is equal to the excitation rate enhancement for illumination
by a plane wave under the same angle and with the same polarization. Math-
ematically this statement is described as [55]:
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Figure 4.5: The Yagi-Uda antenna provides increased gain. The maxi-
mum of the angular gain G as a function of the distance of the emitter to the
antenna or the antenna feed element. The gain for the dipole antenna is gener-
ally lower than the value for the emitter itself, for whichG = 1:5. The Yagi-Uda
antenna does provide a higher gain for most antenna-emitter distances. Very
close to the antenna the emission is quenched and the gain diminished.
 exc(; )
 exc;0
=
D(; )
D0
 rad
 rad;0
; (4.2)
in which the subscript 0 marks the reference situation. This reference can be
freely chosen and  exc;0, and D0 could be chosen to be functions of  and
. In this chapter we used a dipole in vacuum and the emission/excitation
under/from the angle perpendicular to the dipole moment as a reference, i.e.
D0 = 1:5. Equation 4.2 assumes that the excitation and emission occur at
the same wavelength, and that the excitation rate is calculated for plane-wave
excitation with a polarization equal to the emission polarization. The equation
can be adapted for arbitrary polarization and illumination. We have given a
more general and detailed derivation, which was reproduced in reference [13].
The relation between the emission and the excitation rates in equation
4.2 gives an explanation for the results of gure 4.4. For the dipole antenna
the angular emission and directivity are relatively unchanged D(0; 0)=D0  1
(gure 4.2), so that the enhancements of the excitation rate  exc(0; 0) and the
emission rate  rad are nearly equal (gure 4.4a). For the Yagi-Uda antenna
the directivity is strongly enhanced, so that the excitation rate is enhanced by
an additional factor D(0; 0)=D0 compared to the emission rate (gure 4.4b).
In general, equation 4.2 shows that there are two ways to obtain high excita-
tion rate enhancements, i.e. high electric eld enhancements, for plane waves:
by a high radiative decay rate or by a high directivity. A high radiative decay
rate implies a high total density of radiative states, whereas a high directivity
redistributes these states in angle/momentum so that they are eectively used
by the excitation.
Importantly, equation 4.2 implies that the excitation and emission rate
enhancements are not usually equal, even though this is often assumed [45, 113].
The enhancements are only generally equal if the angular emission does not
change at all upon placement of the antenna. This is a stringent criterium
that is only generally met if the system is small enough (quasistatic) so that
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only dipole terms contribute to the emission, and if the system satises a set
of symmetry requirements so that only parallel dipoles can be induced. An
example of a system that satises these requirements is a small sphere with a
dipole emitter oriented either parallel or perpendicular to the line connecting
the center of the sphere with the emitter position. This example has been
previously identied by Bharadwaj et al. following a dierent reasoning [114].
4.4 Experimental demonstration
The experimental corroboration of the theoretically predicted behavior of the
Yagi-Uda antennas in the previous sections requires the realization of a nano-
optical Yagi-Uda antenna and the precise placement of a quantum emitter at
the end of the feed element. In a project headed by A. G. Curto, we have
fabricated such antenna-emitter systems and have experimentally veried that
the emission of a single emitter becomes highly directed by coupling to an
optical Yagi-Uda antenna [12]. This section summarizes a few results from
those experiments and demonstrates that these results corroborate the theory
outlined in this chapter. I refer to A. G. Curto et al. for further details [12].
We fabricated gold optical Yagi-Uda antennas placed on a glass sample with
single quantum dots (CdSeTe/ZnS, polymer coated, Invitrogen, Qdot 800 ITK)
positioned at the ends of the feed elements. The fabrication process consists of
two electron-beam lithography steps and a selective chemical functionalization.
The antennas were created by the rst electron-beam lithography step com-
bined with the thermal evaporation of a 30 nm layer of gold and a subsequent
lift-o of the resist. The second lithography step exposes only a 70  70 area
of the end of the feed element to a functionalization by a self-assembled mono-
layer of mercapto-undecanoic acid (MUA). After activation with carbodiimide
(EDC), the quantum dots were covalently bound to the MUA functionalized
regions and the remaining resist was removed by a standard lift-o protocol.
The resulting number of quantum dots at each antenna is typically 1-3, as
determined from the observed antibunching.
Figure 4.6 shows the experimental and theoretical angular emission of a
quantum dot coupled to one of the optical Yagi-Uda antennas. The measure-
ments are images of the back focal plane of the objective (NA= 1:46) used to
collect the emission through the glass sample [107]. The theoretical calculations
were adapted to include the objective and the fact that the antennas are placed
on the glass-air interface of the sample. Such back focal plane measurements
are images of the angular emission in momentum coordinates. The outer circle
in the images is given by the limit of the NA of the objective, which captures
nearly the complete emission into the sample half space.
The emission of the quantum dot is split up in three spectral parts using
lters. For wavelengths longer than 830 nm all the emission is concentrated in
a narrow momentum range, which means that the angular emission is highly
directed. This result thus demonstrates the unidirectional emission of a single
quantum dot by coupling to an optical Yagi-Uda antenna.
The specic Yagi-Uda antenna in gure 4.6 is purposely detuned from the
center of the quantum dot emission to a wavelength of around 840 nm. For
shorter wavelengths, for which the antenna is detuned, the directional emis-
sion vanishes. And, for the shortest wavelengths the emission is even directed
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Figure 4.6: Experimental realization of an optical Yagi Uda antenna.
Angular emission in momentum space for a single quantum dot placed at one
end of the feed element of an optical Yagi-Uda antenna. The quantum dot
emission spectrum (740-900 nm) is split in three parts with lters. The uni-
directional quantum-dot emission, the tuning between forward and backward
emission and the good agreement with the calculations corroborate the theo-
retical predictions made in this chapter. The experiments and calculations are
taken from reference [12].
backwards. This tuning behavior is common for Yagi-Uda antennas [110, 115],
giving an additional indication that these experiments indeed constitute the
realization of a nano optical Yagi-Uda antenna.
The experimentally observed directional emission, the tuning behavior, and
the good qualititative agreement of the experimental images with the calculated
emission patterns in gure 4.6, all provide experimental corroboration of the
theoretical predictions in this chapter.
Conclusion
The optical Yagi-Uda antenna brings enhancement and directionality to the
nano scale. It provides a high directivity, it directs the emission in any desired
direction, and it enhances both the excitation and emission rates. The increased
antenna directivity results in an improved gain, and allows ecient collection
of the emission with a small numerical aperture. Additionally, the enhanced
directivity further enhances the local electric elds and excitation rates.
We explain this dual role of the directivity by deriving an expression that
relates excitation and emission rates by reciprocity. This expression shows
that the directivity plays a fundamental role in the control of the emission and
absorption of single quantum emitters with optical antennas, which recently
made directivity a central topic in, for example: enhanced luminescence [56,
116], local eld enhancement [117, 118], surface enhanced Raman scattering
(SERS) [119], and the control of emission [120], absorption and scattering [121{
124].
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CHAPTER 5
Nano-rod antennas
as cavities
Metal nano-rods can be described as cavities for plasmons. If the wavelength
of the plasmon in the cavity is known, the resonant modes can be determined.
The goal of an antenna is, however, to eectively link an object with radia-
tion. Therefore, to understand nano-rod optical antennas a description of the
interaction of the modes with radiation and with a local object is required.
In this chapter, we derive an analytical model for the interaction of dipolar
transitions with radiation through nanorod optical antenna modes, by treating
nanorods as one-dimensional (1D) cavities. The main idea of the model is that
the wavelength in the cavity is given by the waveguide modes of an innitely-
long rod, whereas the reection coecient at the antenna ends is determined
by the radiation damping of the formed cavity mode.
The obtained analytical model accurately describes all the emission char-
acteristics: the radiative decay rate, quantum eciency and angular emission.
We use the model to quantitatively reveal the continuous evolution of antenna
modes from perfectly-conducting antenna theory to quasistatic plasmonics, i.e.
from macroscopic to nanoscale antennas. In particular we give an analytical ac-
count of the gradual emergence of super-radiant, sub-radiant, and dark modes,
as the antennas become increasingly more plasmonic.
The model provides a theoretical framework for nano-rod antennas. The
derived results and concepts can be applied to both the emission and excitation
of emitters coupled to optical antennas, as well as to scattering problems. Our
description is thus valid for the interaction of nanorods with light in general,
and might lead to further insights and design rules for optical antennas.
This chapter contains three sections. Section 1 considers the interaction of
nano-rod antennas with radiation for the simplied case of negligible losses.
Section 2 discusses the other half of the antenna problem: the interaction with
a local object, in this case an electric or magnetic dipole transition. Finally,
section 3 includes all the loss and source terms and studies the evolution of
antenna modes as they become increasingly plasmonic.
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5.1 Interaction of lossless antennas with radiation
We rst consider the case of lossless nano-rod modes, i.e. we initially neglect
both the dissipation and radiation losses. The solutions are then the idealized
resonant modes of a cavity. The advantage of this approach is that several
insights and general concepts about the interaction of the mode with radiation
can be derived in a mathematically concise and straightforward way.
We show that the radiation properties of the modes can be summarized
in a phase matching equation, which classies the modes in three groups:
sub-radiant modes, super-radiant modes, and modes that are neither sub- nor
super-radiant. The concepts derived here help understand the results obtained
for the more complete model that includes losses in section 5:3.
Plasmons on an innite wire
2π/kI(z)
z
k≥k0
θ
Figure 5.1: Bound waves on a wire. A thin innitely long wire supports
a bound plasmon polariton with a wavenumber k which is larger than the
wave number in the surrounding medium k0. We associate a sinusoidal current
distribution I(z) to this wave.
Consider a bound wave - a plasmon polariton - on an innitely long straight
thin wire, gure 5.1. We assume that a one-dimensional (1D) sinusoidal current
distribution I(z) is associated to this wave:
I(z) = cos(kz); (5.1)
in which k = kz^ is the wave vector of the plasmon polariton. Because the
wave is bound, we have:
k  k0; (5.2)
in which k0 is the angular wave number in the surrounding medium, see for
example gure 1.4. We will nd that most of the radiation properties of the
antenna modes are governed by how much larger k is than k0. To quantify this
parameter we dene an eective index K:
K = k=k0: (5.3)
The value of K gives a measure for how bound the mode is, or in other words
how plasmonic it is. The two limiting values for K are K = 1, the regime of
conventional antenna theory with perfect electrical conductors, and K >> 1,
for which the mode is extremely bound and quasistatic plasmonics generally
applies.
The radiated eld created by a 1D current distribution is obtained from:
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E = E0
Z 1
 1
I(z)e ikkdz; (5.4)
in which E0 is the eld of a z-oriented unit dipole at the origin. kk is the wave
number parallel to the nano-rod axis, and the angle of emission  is given by
kk = k0 cos().
In this section, we focus only on the integral expression in equation 5.4,
which I will call F :
F (kk) =
Z 1
 1
I(z)e ikkdz: (5.5)
This integral is proportional to the fourier transform of the current distribution
I(z), and determines all the main radiation properties of the system. For the
innitely long wire we obtain:
F (kk) / (kk + k) + (kk   k); (5.6)
in which (x) is the Dirac delta function. Only the momentum vectors with
kk  k0 correspond propagating plane waves. Because k > k0, the mode on
an innite long wire does thus not radiate at all (gure 5.3), as expected for a
bound mode.
Nano-rod antennas of nite length
L = jπ/k
j=1 j=2
j=3 j=4
z
Figure 5.2: Optical nano-rod antenna modes. For lossless antennas so-
lutions for I(z) exist only if the length of the rod L satises L = j=k, with
j a positive integer. The current distribution is symmetric for j = odd , and
antisymmetric for j = even.
To create a radiating antenna, a nano-rod has to be truncated. The result-
ing resonant antenna lengths obey L = j=k, with j a positive integer, gure
5.2. With the origin in the center of the antenna we can write:
I(z) = eikz   ( 1)je ikz; (5.7)
for  L=2  z  L=2, and I = 0 otherwise. The modes with j = odd have
symmetric current distributions, I(z) / cos(kz). Modes with j = even have
antisymmetric current distributions, I(z) / sin(kz). F now becomes:
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Figure 5.3: Fourier transforms of the currents for three antennas. The
absolute value of F as a function of the parallel momentum for an innitely
long rod, a rod with j = 7 and a rod j = 8, for a plasmon wave with k =
2k0. Only values for kk that satisfy kk  k0 correspond to propagating plane
waves. For the innite wire there is no radiation; the mode is bound. The
radiation properties of the nite antennas are determined by the number and
the positions of the subsidiary maxima within the shaded radiation zone.
F (kk) /

1
k + kk
+
1
k   kk

eikkL=2   ( 1)je ikkL=2

; (5.8)
and takes the form of a sum of cardinal sines, gure 5.3. The rst term in
equation 5.8 is an envelop function that is independent of j and the length of
the antenna. The second term is an sinusoidal function with a period of 4=L.
In the limit of a thin perfectly conducting antenna (K = 1), equation 5.8
converges to the standard antenna theory case (chapter 10 of reference [110]).
The number of subsidiary maxima of equation 5.8 that fall within the ra-
diation zone (kk  k0), and their specic positions, determine the radiation
properties of the antenna. Importantly, modes with j = odd always have a
maximum at kk = 0, whereas modes with j = even always have a minimum
for that value. As a result modes with j = odd always have at least one max-
imum within the radiation zone, whereas for modes with j = even this is not
necessarily the case.
The limiting case of very plasmonic antennas
For K >> 1, i.e. for very plasmonic antennas, the expressions for the emission
can be further simplied. For K >> 1, k is much larger than the kk values
that correspond to radiation (kk  k0), so that the following approximation
holds (for amplitude terms):
k  kk  k: (5.9)
This approximation is equivalent to approximating the cardinal sine with a
sine, for values far from the central maximum. Equation 5.8 now simplies to:
F (kk) / eikkL=2   ( 1)je ikkL=2: (5.10)
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Equation 5.10 is just the function expected for two point dipoles at the
antenna extremes. Indeed, the reverse Fourier transform of equation 5.10,
yields:
I(z) / (z + L=2)  ( 1)j(z   L=2); (5.11)
which describes two point dipoles placed at the antenna ends. For modes with
j = odd these dipoles are in phase, for modes with j = even they are in
anti-phase.
Therefore, in the limit ofK >> 1 the antenna currents can be approximated
by two point dipoles at the ends of the antenna. Equation 5.8 thus gives a
mathematical basis for the commonly-used intuitive picture of the scattering
of the plasmon at the antenna ends [26, 33, 61, 125]. This description is only
strictly correct if the mode is very bound (K >> 1). Additionally, equation
5.10 indicates that the nano-rod is mathematically similar to the elementary
double slit conguration, but with phases and amplitudes xed by the plasmon
wave.
Phasematching
The antenna emission is largely determined by those extrema of equation 5.8
that additionally satisfy kk  k0, which for K >> 1 are given by a phase-
matching equation:
kk + (m+ 1=2)kL = k: (5.12)
This equation follows from equation 5.10, and is depicted graphically in gure
5.4. Here, kL = 2=L and m = 0; 1; 2; 3::: give the dierent possible solutions
to the equation. Although equation 5.12 was derived for K >> 1, it is a
good approximation for the positions of the extrema that satisfy the radiation
condition kk  k0, even for low values of K, for example for K = 2 in gure
5.4.
0 1 2 3
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|F|
k||/k0
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k|| (m+1/2)kL
Figure 5.4: Graphical derivation of the phasematching equation. The
values of kk for the extrema of F , equation 5.8 are approximately given by the
phase matching condition in equation 5.12. The solutions that additionally
satisfy kk  k0 give the angles under which the antenna emits and receives
radiation eectively.
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The number of possible values form determine the nature of the mode. The
values for kk obtained for those solutions determine the angles  of maximum
interaction with radiation through kk = k0 cos(), i.e. the angles under which
the antenna emits and receives eectively.
Sub- and super-radiant modes
Two cases are of special interest: when there are no solutions for equation 5.12
and when there is just one solution.
Only modes with j = odd can result in one solution for equation 5.12. These
modes have symmetric current distributions (gure 5.2). If the antenna is small
the radiation from some of the current elements will interfere constructively
over all angles, and energy is radiated quickly from the mode. I will call such a
mode super-radiant. Such a mode is not necessarily stronger or brighter than
other modes; the enhanced radiative loss is only benecial if the total loss from
the nanorod cavity is dominated by dissipative losses.
Modes with j = even have anti-symmetric current distributions (gure
5.2). If the antenna is small the radiation from the dierent current elements
cancels in all directions, and equation 5.12 yields zero solutions. The mode
then radiates slowly, and I will call it sub-radiant. Note that such a mode is
not necessarily weak, or \dark". The slow radiation damping of the mode is
only detrimental when other faster dissipative loss channels are present.
Modes that yield two or more solutions are neither sub- nor super-radiant.
In this case the antenna is long enough so that constructive or destructive
interference never occurs over all angles at the same time. The criterium for
a mode with j = even to have at least two solutions is: Lk0 > , which
can also be written as j=K > 1 or as L > 0=2, with 0 the wavelength in
the surrounding medium. This condition thus depends only on the length of
the antenna compared to the wave vector in the medium, as expected for a
diraction problem. For conventional (not plasmonic) antennas K = 1 and
sub- and super-radiance play no role, as j=K  1 for all values of j.
Angular emission and imaging
The number of solutions for equation 5.12 also determines the main charac-
teristics of the angular emission pattern. All modes that yield zero solutions
emit as quadrupoles, regardless of the actual value of j. Likewise, all modes
that yield one solution emit as dipoles. Modes with 2 or more solutions emit in
multi-lobed patterns with the number and angles of the lobes (approximately)
determined by the solutions to equation 5.12.
The angular emission (or the angular excitation) determine the observed
image when imaging nano-rods in an optical microscope [61, 126{128]. Modes
with zero or one solution are thus always imaged as quadrupoles or dipoles
respectively. For a mode with two or more solutions, the image depends on the
NA of the objective used, as the possible momentum values are now limited by
the NA: kk  NAn k0, with n the refractive index of the environment. If there are
two or more solutions with a momentum within the NA the image is resolved
and will resemble two spots at the antenna ends. If there are no solutions or
only one solution then the image is a quadrupole or a dipole, respectively. The
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condition to obtain two or more solutions within the NA is: L > 02NA , which
not surprisingly is a statement similar to the Abbe diraction limit.
Summary
The concepts discussed in this section are summarized in the table in gure
5.5, which classies the possible modes of optical nanorod antennas in three
groups, each with a distinct set of radiation properties.
# of solutions Parity Type Emission ImageIf Rnr >>Rrad  
0 j = even sub-radiant quadrupole quadrupoledark
1 j = odd super-radiant dipole dipolebright
2 or more j = either neither multiple
lobes
depends 
on NA
normal
Figure 5.5: Summary of the properties of the dierent modes. The
modes are characterized by the number of solutions for equation 5.12 that also
satisfy kk  k0. The properties in the table are, in order: the parity of the
mode for which this number of solutions can occur; the nature of the interaction
with the radiation; the relative strength of the mode if the dominant loss term
is dissipative (Rnr), i.e. if the radiation damping (Rrad) is small; the angular
emission pattern; the result of forming a real-space image of the mode with an
objective.
5.2 Interaction with local sources
The previous section demonstrates several of the properties of the interaction
of nanorod modes with radiation. This section discusses the other half of the
antenna problem: the interaction of the mode with a local object or source.
We consider three sources: an electric dipole, and magnetic dipole and a trans-
mission line. We show that the dierence in symmetry of electric and magnetic
dipoles implies that they couple to the nanorod modes at dierent positions.
Conventional transmission lines are similar to magnetic dipoles, but the mech-
anism of feeding energy in the mode is dierent. As a result dipolar quantum
emitters generally drive dierent modes than those commonly considered for
conventional antennas.
Three types of local sources
Figure 5.6 shows the three local sources considered here: an electric dipole, a
magnetic dipole and a transmission line.
Electric and magnetic dipoles dier in the symmetry of the induced waves
on opposite sides of the dipole. This opposite symmetry of the emission of
electric and magnetic dipoles is a general property, and can for example be
used to selectively enhance the emission of either type of dipole [50, 129]. The
transition rate for an electric dipole depends on the electric mode density,
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whereas the rate for a magnetic dipole is proportional to the magnetic mode
density.
The transmission line resembles a magnetic dipole in symmetry, but the
fraction of the energy fed into the antenna is determined by impedance match-
ing instead [130{132]. Because the design of the transmission line and the
connection can be used to tailor the impedance, the coupling of such waveg-
uides to the antenna is generally more exible than the coupling of a dipole
emitter.
Electric Dipole Magnetic Dipole Transmission Line
Figure 5.6: Three dierent local sources. Electric dipoles, magnetic dipoles
and transmission lines and the symmetry of the induced waves on opposite sides
of the source.
Coupling to nano-rod modes
Figure 5.7 shows two sets of possible 1D modes for thin rods. The modes we
have considered until now, here named the optical antenna modes, dier from
the conventional center-fed antenna modes, chapter 4 of reference [110], in the
symmetry of the modes with j = even. What modes are eectively excited
depends on the properties of the source and on the source position.
First consider the optical antenna modes. The electric dipoles interact
strongly with the mode at positions of high electric mode density, i.e. positions
with a current minimum (high input impedance). These positions are marked
for the j = 2 mode in gure 5.7.
The magnetic dipoles couple strongly to the antenna modes at positions
of maximum current, where the magnetic mode density is high (low input
impedance). The magnetic mode density maxima coincide with the electric
mode density minima, and vice versa, which is a direct result of the symmetry
dierence shown in gure 5.6.
Similar to the magnetic dipole, the transmission line can drive these modes
at the positions of maximum current, i.e. at the points of low input impedance.
However, in principle the transmission line can couple just as well to the mode
at other positions, provided that the input impedance can be matched.
The center-fed antenna modes with j = even can only be driven by the
magnetic dipole or the transmission line at the center of the antennas. electric
dipole transitions cannot drive modes with this symmetry. Although the mag-
netic dipole can theoretically drive these modes in theory, the coupling is weak
because the current is minimun at the center. For any position other than
the center, the magnetic dipole preferentially couples to the optical antenna
mode with the opposite symmetry, because that mode is resonantly enhanced.
A transmission line or waveguide can drive the center-fed mode eectively,
provided that the very high input impedance - innite for the lossless modes
considered here - can be matched.
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Optical Antenna
Modes
Center-fed Antenna
 Modes
j=1
j=2
j=3
j=4
Figure 5.7: The driving of antenna modes by the various sources Com-
parison of the optical antenna modes considered in this chapter and the stan-
dard center-fed antenna modes that are usually considered for conventional
antennas [110]. The dierence between the two sets of modes is the symmetry
of the modes with j = even. The symbols for the j = 2 mode indicate the
positions of eective coupling of the three dierent sources to the mode. The
position for the other values of j are equivalent. The center-fed modes can only
be driven by the transmission line and the magnetic dipole, but the coupling
of the magnetic dipole is very weak because the current minimum at the cen-
ter. These center-fed modes do not play a signicant role for dipolar quantum
emitters coupled to optical antennas.
In summary, the dipolar transitions dominantly excite dierent modes than
the center-fed antennas usually considered in traditional antenna theory. Be-
cause the current distributions of these modes are dierent, the emission prop-
erties, such as the radiation resistance and angular emission, will be dierent
as well.
5.3 Complete model including losses
We now include dissipation and radiation losses in the simplied model of
section 5:1, and combine it with the dipolar sources discussed in section 5:2.
The ohmic dissipation simply implies a complex plasmon wave vector, but
the radiation loss is more complicated, and can only be treated approximately.
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The challenge is that the radiation acts back on the currents, leading to a
set of integro-dierential equations that can only be solved numerically. We
create an approximate description using the following steps. First we assume a
sinusoidal current distribution, and neglect any eects of the radiation. Second
we derive how this spatial current distribution radiates, i.e. we calculate the
radiation resistance. Third we assume that the created radiation damps the
amplitude of the mode but does not signicantly alter the spatial distribution
of the mode. Finally, because the wave is bound, we assume that the radiation
damping is described by a reection loss at the ends of the antenna.
The resulting model is compared to numerical calculations, and we nd
that the results accurately describes all the emission properties: the radia-
tion resistance, the radiative and non-radiative decay rates and the angular
emission. We study the evolution of these properties as the antennas become
increasingly more bound, and in particular discuss the gradual appearance of
sub-radiant, super-radiant and dark modes. The results in this section conrm
the predictions from the simplied model in section 5:1.
The cavity model
Consider an elongated antenna of physical length Lp with a central section, of
constant cross-sectional shape and size, that supports a charge density wave
with complex wave vector k = kz^:
k = k0 + ik00: (5.13)
The wave is reected with a reection coecient r at both the antenna ends,
which form a resonator that we model as a two-mirror cavity of length L, gure
5.8. The model developed applies to any cross-sectional shape, provided that
k can be determined.
(a)
Lp
L
k
kz=a
r0, k0
z
2R
z
r(b)
θ
Figure 5.8: Overview and denitions of the cavity model (a) The an-
tenna (total length Lp) is a rod of constant cross-sectional shape and size that
supports a charge-density wave (wave vector k). Although the ideas derived
here are general, we study gold cylindrical antennas with radius R and hemi-
spherical ends, as a concrete example to compare to numerical calculations.
(b) We model the antenna as a 1D cavity with length L and amplitude reec-
tion coecient r. The antenna is driven by an electric or magnetic dipole at
position z = a.
Resonant modes are expected for physical antenna lengths that are shifted
from the multiples of =k0 by a constant value [15, 32, 35]. When modeling the
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antenna as a cavity, this displacement can be introduced by a positive phase
shift upon reection [27, 29, 32] or by an extended cavity length [15, 130,
133]. The two corrections give the same resonant length, but are otherwise
not equivalent. Here, we choose to set an extended length L = Lp + Lc and a
real-valued reection coecient r.
Current distribution
To derive the resultant current distribution I(z; a) we again assume a one-
dimensional (1D) sinusoidal distribution and do not distinguish between con-
duction and displacement currents. A superposition in complex notation for
time-harmonic waves gives, for  L=2  z < a,
I(z; a) =
I0(e
ika  reikLe ika)
1  r2e2ikL (re
ikLeikz   e ikz); (5.14)
and, for a < z  L=2,
I(z; a) =
I0(re
ikLeika  e ika)
1  r2e2ikL (e
ikz   reikLe ikz): (5.15)
The initial amplitude of the induced wave, I0, depends on the type of dipole
(electric or magnetic), its oscillator strength, and the three-dimensional (3D)
conguration and modal elds [38, 133]. Its value is not specied here, and,
because all the calculated rates are taken relative to other antenna lengths,
none of the presented results depend on it.
The + signs in equation 5.14 and equation 5.15 are for electric dipoles, and
the  signs for magnetic dipoles; electric and magnetic dipoles couple eectively
to the antenna modes at dierent positions, a result of the symmetry argument
in gure 5.6. The magnetic mode density maxima coincide with the electric
mode density minima, similar as for the lossless modes in gure 5.7.
The radiated eld
The far eld observed at r0 is again given by equation 5.4:
E = E0
Z L=2
 L=2
I(z; a)e ikkzdz; (5.16)
in which E0 = i0k0e
ik0r0 sin =(4r0) is the eld of a z-oriented point dipole
at the origin, and kk = k0 cos  is the parallel component of the wave vector
k0 in the surrounding medium of impedance 0. The other components of the
electric eld are zero. After evaluating the integral, equation 5.16 gives:
E =
iI0E0
1  r2e2ikL

A
hreikLe i(kk k)z
kk   k  
e i(kk+k)z
kk + k
ia
 L=2
+B
he i(kk k)z
kk   k  
reikLe i(kk+k)z
kk + k
iL=2
a

; (5.17)
in which A = eika  reikLe ika and B = reikLeika  e ika contain the depen-
dence on the dipole position.
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The angular emission in equation 5.17 gives a complete description of the
interaction of the antenna with a dipole and with radiation. The equation
describes the emission of the dipole through the antenna mode and, by reci-
procity (chapter 4), its excitation by radiation. Indeed, by setting r = 1, which
is equivalent to neglecting radiation damping, the results for the excitation
of nano-rods from Fabry-Perot models [30, 133] can be derived from equation
5.17.
Next, we use the derived model to account for the radiation damping, study
the main characteristics of optical antennas in a set of concrete examples, and
compare the results to numerical simulations. We show in particular how the
antenna characteristics evolve as the modes become increasingly more bound
for increasing K, equation 5.3.
Concrete case: cylindrical gold rods
As a concrete case we choose cylindrical gold antennas with hemispherical
ends, gure 5.8a. The advantage of cylinders is that semi-analytical waveguide
solutions exist [37, 38, 134]. We study three radii, R = 20; 10 and 5 nm, which
lead to three dierent values for K for the TM0 modes [15, 38], see for example
gure 1.4. The antenna length L is varied for a constant wavelength. As a
source, we choose an electric dipole at the antenna end, because it eectively
excites all relevant resonant modes (see gure 5.7). The dipole source in the
1D model is placed at the end of the extended cavity length: a =  L=2.
Radiation damping
We rst neglect the eect of the radiation damping on the current distribution
by setting r = 1, and study the radiation damping by means of the radiation
resistance, which we dene as [130]:
Rrad  2P=I2max: (5.18)
P is the total emitted power obtained by integrating the emitted far eld given
by equation 5.17, and Imax is the maximum of jI(z)j, equations 5.14 and 5.15.
The radiation resistance gives the radiation damping per unit amplitude in the
resonator; it is independent of the total amplitude and is a characteristic of
the spatial distribution of the mode. After studying the radiation resistance,
we will account for the eect of the radiation damping on the amplitude of the
mode by relating the reection coecient r to the radiation resistance.
The evolution of the radiation resistance with increasingly bound modes is
illustrated in gure 5.9, which showsRrad as a function of L for the three optical
antennas, together with the limiting cases of K = 1 (thin perfectly-conducting
antenna), and large K (quasistatic limit). We make the following three initial
observations. First, the radiation resistance for the modes excited by electric
dipoles at a =  L=2 dier from the results for transmission-line center-fed
antenna modes [110], because the modes excited have dierent symmetry for
even values of j, gure 5.7. Magnetic dipoles at a = 0 do reproduce the results
for center-fed perfectly-conducting [110] (K = 1) and carbon nano-tube [131]
(K = 100) antennas. Second, unlike for K = 1, the radiation resistance for
optical antennas does not increase with increasing length; the waves are bound.
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Figure 5.9: The radiation resistance. Evolution of the radiation resistance
Rrad(L) for increasingly bound antennas, i.e. increasing K. The optical anten-
nas (K = 1:7; 2:9 and 5:7) are intermediate cases between the limits of perfect
electrical conductors (K = 1) and quasistatics (K = 100 >> 1). Resonant
modes occur if Lk0= = j, with j a positive integer. Lines: 1D model. Circles:
3D Numerical calculations for cylindrical gold antennas in vacuum, gure 5.8.
Parameters: 0 = 826:6 nm. 3D Numerical : "au =  29 + 2:0i. Electric
dipole at d = (5; 2:5; 1:25) nm for R = (20; 10; 5) nm respectively (see inset).
1D model : Electric dipole at a =  L=2 and r = 1. For K = 1 and K = 100,
k00 = 0. For R = 20; 10 and 5 nm: k=k0 = 1:7+0:045i; 2:9+0:11i and 5:7+0:23i,
and Lc = 54; 26 and 12 nm.
Third, the radiation resistance decreases with increasingly bound modes, i.e.
increasing K.
Sub- and super-radiance
Modes with j = odd and j = even evolve dierently with increasing K. The
radiation resistance of even modes diminishes with increasing K. As discussed
in section 5.1, these modes have anti-symmetric current distributions, no net
dipole moment and become sub-radiant if j=K < 1; opposite-oriented current
elements cancel and the radiation resistance tends to zero. Odd modes behave
oppositely, and evolve into super-radiant modes with high radiation resistance.
For example, for R = 20 nm and K = 1:7, the j = 1 mode gives j=K < 1
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and is expected to be super-radiant. Indeed, the radiation resistance of this
mode is increased compared to the other modes, which are neither sub- nor
super-radiant. For higher K the antennas are relatively smaller and more
modes become sub- or super-radiant. For K = 5:7, j=K < 1 for j = 1::5, so
that the j = 1; 3; 5 modes are super-radiant and have an increased radiation
resistance, and the j = 2; 4 modes are sub-radiant with a diminished radiation
resistance. For K = 100 all lower order odd modes are super-radiant, all even
modes sub-radiant.
Reection coecient
Because of super- and sub-radiance, the radiation damping is dierent for the
dierent modes. Clearly, the radiation resistance depends on the antenna
length L. A nanorod is therefore not a simple Fabry-Perot cavity. Because
the wave is bound, the radiation damping is most naturally taken into account
through the reection coecient r, which means that the reection coecient
r is a function of the antenna length L. This surprising conclusion implies
that the reection coecient is not locally determined by the properties of the
antenna termination. Because the light radiated from both antenna ends inter-
feres, the reection depends on the distance between the ends and the relative
phase of the scattered waves. If this interference is destructive, less light is
scattered (sub-radiance), and thus more light must be reected back into the
nano-rod cavity.
We relate r to the radiation resistance:
r(L) =
Z  Rrad=2
Z +Rrad=2
; (5.19)
in which Z is the real part of the antenna wave impedance, and is determined
from the waveguide solutions (i.e. considering an innitely long rod) as:
Z = 2
Z
SdA=j
Z
JdAj2; (5.20)
in which S is the time-averaged Poynting vector, J is the current density, dA
is oriented along the rod axis, and both integrals are over an innite plane
perpendicular to the nano rod axis. r approaches unity for large K (small
radius R).
Equation 5.19 takes the form of an impedance matching equation, and was
obtained by equating the reection loss in the cavity model with the radiation
by the antenna. It relies on three arguments. First, all radiative loss is due
to reection, because the plasmon wave is bound. Second, the dissipation is
small so that Imax is an approximate measure for the currents at all positions.
Third, equation 5.19 introduces small deviations of r from unity. These small
changes can strongly aect the amplitude of the current distribution if the
dominant damping is radiative, but they do not signicantly aect the spatial
distribution, so that the calculation of Rrad with r = 1 remains accurate. For
the antennas considered here the minimum value obtained for r is 0:79, which
occurs for the j = 1 mode of the R = 20 antenna for which Rrad is high.
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Figure 5.10: Radiative transition rates and quantum eciency (a) The
radiative transition rate  rad relative to the rate for j = 1 and (b) the quantum
eciency q for the three optical antennas. All parameters as in 5.9, but r from
5.19 with Z = 130:4; 219:4 and 414:8 
.
Rates and eciencies
With the radiation damping taken into account, the radiative transition rate
 rad (/ P ) and the quantum eciency q can be compared quantitatively
between the dierent resonant modes, gure 5.10. The quantum eciency q
is given by the balance between radiative and dissipative ( nr) rates: q =
 rad=( rad +  nr). Here, the intrinsic eciency of the dipole emitter is taken
as unity. The constant non-resonant dissipation due to the proximity of the
dipole to the metal is not included in the model and is subtracted from the
numerical results. Therefore, q is the antenna eciency and sets an upper
limit to the eciency of emission through the antenna modes.
The results for  rad and q agree well with the numerical results, gure
5.10. Without taking the radiation damping into account, no such agreement
is obtained [36].
For increasing K, higher order modes are in general weaker compared to
the j = 1 mode, 5.10a.  rad decays quicker with increasing L for higher K,
as a result of the lower Rrad (gure 5.9). As the mode becomes more bound,
the dissipative losses (k00, per unit length) gain in importance compared to the
radiative losses (r, per reection or round trip). This shift in the prevalent
loss mechanism additionally implies a decrease in eciency q with increasing
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K, gure 5.10b. Clearly, an ecient antenna should not be too plasmonic and
should in general operate away from the quasistatic small-particle plasmon
resonance.
Dark modes
Although for R = 20 all modes are pronounced in gure 5.10a, even modes
disappear with increasing K. These modes result in relatively low values for
 rad and thus do not radiate eectively under any angle. By reciprocity, a
low  rad also implies low eld enhancements under far-eld illumination [55].
These modes interact weakly with radiation, and can be called dark modes
[135].
Such dark modes combine sub-radiance, i.e. an antisymmetric current dis-
tribution (j = even) and a small antenna length (j=K < 1), with a signicant
dissipative loss that dominates the radiative loss. Under these conditions a
reduced radiation resistance results in a low  rad, as the slower radiation is not
compensated by a higher quality factor, because the quality factor was limited
by the dissipative loss already.
The low eciencies q for the antennas with large K conrm that the
dissipation is, in that case, the dominant loss mechanism. The eciency of the
sub-radiant even modes becomes particularly low, and approaches zero, which
explains why those modes become dark. The analytical model presented here
thus gives a quantitative description for the gradual emergence of dark modes
as antennas become increasingly plasmonic.
The local currents and elds are still resonantly enhanced (equations 5.14
and 5.15). As a result large-K sub-radiant modes with low radiation damp-
ing, and consequently narrow line-widths, can be advantageous in applications
where ecient conversion into a photon is not required, or even unwanted.
Examples are sensors [136] and spasers [137].
Angular emission
The angular emission is given by equation 5.17. Unlike previous 0D models
[138], our model gives the emission patterns of higher order modes in good
agreement with numerical calculations, gure 5.11. The maxima of these emis-
sion patterns are approximately given by the solutions for the phase matching
equation 5.12. The discrepancies between the maxima and the solutions to
equation 5.12 are due to the amplitude envelope functions in equation 5.17.
Higher order modes can give multi-lobed patterns with an odd or even
amount of maxima for modes with odd or even j respectively. The patterns
are obviously dierent from standard antenna theory (K = 1) [110, 133], which
always yields j lobes, whereas the optical antennas result in j or less lobes.
Modes with j = even do not interact with radiation perpendicular to the
antenna axis, as expected by their symmetry. The asymmetry in the patterns is
caused by the radiative and dissipative losses, in conjunction with the position
of the dipole source at one of the ends of the antenna.
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Figure 5.11: Angular emission patterns. The angular () emitted power for
modes j of the optical antenna with R = 20 nm (K = 1:7), all other parameters
as in gure 5.10. 1D analytical model: line. 3D numerical calculations: circles
(blue). Phase matching, equation 5.12: dots (orange).
Limiting behavior for K >> 1
In the limit of very plasmonic modes, K >> 1, the equations simplify and we
can derive the limiting behavior and scaling laws for several quantities.
In the quasitastic limit (K >> 1), the plasmon wavelength becomes pro-
portional to the antenna radius, so that K / 1=R [38]. Equation 5.17 yields
the scaling law Rrad / 1=K2, which therefore also implies Rrad / R2. The
radiation resistance thus drops quickly with decreasing radius, as observed in
gure 5.9. Since Z / K [38], we thus also nd that r quickly converges to
unity for large K, equation 5.19.
Furthermore, if one requires the resonances to depend only on the shape (or
aspect ratio) of the antenna not on its absolute dimensions, then one must have
Lc / R, or equivalently the reection phase must be a constant, which gives
a compelling argument supporting previous postulates [15], and unexpected
calculation results [33, 139].
For K >> 1 we also have kk  k  k (see also section 5.1), and the
 dependence of the denominator terms in equation 5.17 can be neglected.
The emission is then a sum of three dipole terms: E0e
ikkL=2, E0e
 ikkL=2 and
E0e
 ikka, with the latter contribution negligible for strong modes. In this limit,
the emission is thus described by two dipoles at the antenna ends, consistent
with the results derived in section 5.1.
Limits of the model
The analytical results agree well with numerical calculations (gure 5.9, gure
5.10 and gure 5.11). Only two tting parameters were used: k0 and Lc. All
other parameters were obtained from the semi-analytical waveguide solutions.
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The tted values for k0 dier by approximately 5% from the waveguide solu-
tions, which is within the expected error margin of the numerical calculations.
The tted values for Lc are close to the previously postulated 2R [15], and
follow the trends from previous calculations [33, 139], as well as the scaling
laws derived here.
For the specic conguration considered here, no good agreement is ob-
tained if a phase shift, or an integration over only Lp, is used. The emission
is, in this case, better described by an additional length. However, a complete
description of the 3D vector eld at the ends is an open problem despite recent
progress [33, 139, 140]. A precise study of the problem is likely out of reach of
the approximate 1D model presented here.
Conclusion
To conclude, the analytical model presented here accurately describes the in-
teraction of dipolar emitters with radiation through nano-rod modes. The an-
tenna properties are primarily governed by a single parameter K = k0=k0 that
describes how plasmonic the antenna modes are, and can be summarized in a
phase-matching equation. The model includes radiation damping, and is not
limited to the quasistatic approximation, which is crucial because quasistatic
antennas are usually inecient antennas.
Although here we focused on the evolution of the emission properties for
increasingly bound waves, particularly the gradual emergence of sub-radiant,
super-radiant and dark modes, the model applies to all interactions with any
spatio-temporal beam and is equally valid for eld enhancement and scatter-
ing problems. The results are thus widely applicable and might lead to further
insights and design rules for optical antennas, nano-rod spasers [137], and gen-
erally for coupling light in/from nano-rods [25, 26, 32, 33, 125, 141].
Associated publications
[36] T. H. Taminiau et al., Nano Lett. 11, 1020 (2011).
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Conclusion
The results presented in this thesis show that optical antennas provide a new
way to link single emitters to light. By carefully designing the antenna, and
its coupling to the emitter, both the absorption and emission properties of
the emitter can be tailored in a variety of ways. The absolute emission and
excitation rates can be enhanced and the angular, polarization, spectral, and
spatial dependence of the interaction can be controlled. The combination of
these eects can be used to improve the interaction of nanoscale matter with
light, making optical antennas a powerful tool.
Although the study of nano-particles goes back a long way, and their optical
properties are quite well understood, the description of such systems in the
context of optical antennas sheds a new light on the locally enhanced elds
at such particles. This description provides several new insights, convenient
design rules, and ways to intuitively understand otherwise complex systems
and problems in nano-optics.
Many of these new insights are the result of experiments with precisely
designed antennas and a controlled coupling to (single) quantum emitters. It
will be interesting to see if the next generation of antennas and experiments can
improve the control and interaction strength to the point where new regimes
can be systematically explored. Two examples are the strong coupling between
a single emitter and plasmons or the breakdown of selection rules in strongly
conned elds.
Finally, optical antennas theoretically promise controlled rate enhancements
by three orders of magnitude. Such numbers have not yet been realized exper-
imentally. If such enhancements can be obtained, optical antennas might play
a vital role in optical quantum information processing, where the amount of
photons detected is often a key obstacle. If not, then surely the mechanism
that prevents this is worthwhile studying in itself.
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